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Background: Current research criteria for Alzheimer's disease (AD) include cerebrospinal 
fluid (CSF) biomarkers into the diagnostic algorithm. However, spreading their use to the 
clinical routine is still questionable. 

Objective: To provide an updated, systematic and critical review on the diagnostic utility 
of the CSF core biomarkers for AD. 



Data sources: MEDLINE, PreMedline, E^ 
CRD. 



IBASE, Psyclnfo, CINAHL, Cochrane Library, and 



Eligibility criteria: (la) Systematic reviews with meta-analysis; (lb) Primary studies pub- 
lished after the new revised diagnostic criteria; (2) Evaluation of the diagnostic performance 
of at least one CSF core biomarker. 

Results: The diagnostic performance of CSF biomarkers is generally satisfactory. They are 
optimal for discriminating AD patients from healthy controls. Their combination may also 
be suitable for mild cognitive impairment (MCI) prognosis. However, CSF biomarkers fail 
to distinguish AD from other forms of dementia. 

Limitations: (1) Use of clinical diagnosis as standard instead of pathological postmortem 
confirmation; (2) variability of methodological aspects; (3) insufficiently long follow-up peri- 
ods in MCI studies; and (4) lower diagnostic accuracy in primary care compared with 
memory clinics. 

Conclusion: Additional work needs to be done to validate the application of CSF core bio- 
markers as they are proposed in the new revised diagnostic criteria. The use of CSF core 
biomarkers in clinical routine is more likely if these limitations are overcome. Early diagno- 
sis is going to be of utmost importance when effective pharmacological treatment will be 
available and the CSF core biomarkers can also be implemented in clinical trials for drug 
development. 

Keywords: Alzheimer's disease, cerebrospinal fluid biomarlcers, amyloid beta-protein (42), tau protein, sensitivity, 
specificity, meta-review, state-of-the-art review 



1. INTRODUCTION 

Dementia is becoming a worldwide problem causing a tremendous 
burden to the public health system and society (http://www.alz. 
org/documents_custom/trajectory.pdf; Ferri et al., 2010). Among 
different types of dementia, Alzheimer's disease (AD) is the 
most common form, affecting more than 27 million people and 
accounting for 60-70% of all dementia cases (Hebert et al., 
2003; Brookmeyer et al., 2007). Therefore, effective strategies for 
early diagnosis, prevention and treatment are urgently needed. 
Regarding diagnosis, the clinical criteria established in 1984 by 
the NINCDS-ADRDA (McKhann et al., 1984) has recently been 



revised by the National Institute on Aging and the Alzheimer Asso- 
ciation (Jack et al., 20 11; McKhann et al., 2011). These criteria for 
AD incorporate two notable differences. First, the AD process is 
considered as a continuum that encompasses three different dis- 
ease stages: (1) preclinical phase, in which subjects are cognitively 
normal but have AD pathology; (2) symptomatic pre-dementia 
phase: mild cognitive impairment (MCI); and (3) dementia phase: 
AD (lack et al., 201 1). Second, this pathophysiological process can 
be studied in vivo by means of different biomarkers. 

A biomarker is a measurable biological feature that can be used 
to diagnose or predict a physiological or pathological condition 
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(Barber, 2010). Main AD biomarkers investigated so far may be 
broken into two classes based on the biological aspect they mea- 
sure. Biomarkers of brain amyloid-beta (AP) protein depositions 
are low cerebrospinal fluid (CSF) AP42 and positive PET amyloid 
imaging (Jack et al, 2008; Chetelat et al., 2010). Biomarkers of 
downstream neuronal degeneration or injury are elevated CSF tau 
(both total tau and hyperphosphorylated tau: p-tau); decreased 
18 fluorodeoxyglucose (FDG) uptake on PET in temporo-parietal 
cortex; and disproportionate atrophy on structural magnetic res- 
onance imaging (MRI) in medial, basal, and lateral temporal 
lobe, and medial parietal cortex. These biomarkers have been 
integrated into a hypothetical model published by Jack et al. 
(2010a). According to this model, biomarkers of Ap accumu- 
lation become abnormal first, being Af5 accumulation necessary 
but not sufficient to produce the clinical symptoms of MCI and 
dementia. Biomarkers of neuronal injury and neurodegeneration 
are abnormal later, retaining a close relationship with cognitive 
performance through the clinical phases of MCI and dementia 
(Vemuri et al., 2010). However, autopsy data suggest that tau 
pathophysiology might precede Ap deposition (Braak and Del 
Tredici, 201 1). This apparently conflicting evidence has been inte- 
grated in a recent revision of the model (Jack et al., 2013). Ap 
and tau pathophysiological processes might be initiated indepen- 
dently in sporadic AD. Subcortical tauopathy might occur first 
although it is only detectable by immunostaining methods. Ap 
pathophysiology arises later and independently from pre-existing 
tauopathy. Through unknown mechanisms, Ap pathophysiol- 
ogy would accelerate the antecedent subcortical tauopathy lead- 
ing to neocortical spread of neurofibrillary tangles (Jack et al., 
2013). 

This meta-review is focused on CSF biomarkers. Although sig- 
nificant advances have been made in the field of neuroimaging, 
biomarkers based on CSF are at present the most convenient for 
studying disease progression (Hampel et al, 2008; Anoop et al, 
2010; Monge-Argiles et al., 2010). CSF biomarkers reflect key 
neuropathological hallmarks of AD, i.e., amyloid plaques and neu- 
rofibrillary tangles (Braak and Braak, 1 991; Thai etal., 2002). Accu- 
mulation of amyloid plaques and neurofibrillary tangles probably 
starts 20-30 years before the clinical onset of the disease. There- 
fore, CSF biomarkers are the most suitable candidates to facilitate 
AD diagnosis in the very early stages of the disease, long before 
symptoms onset. Moreover, since it may be optimal to treat the 
neuropathology as early as possible, biomarkers of preclinical AD 
are likely to play a pivotal role in the development of the next 
generation of therapies. 

Numerous studies on CSF biomarkers for AD have been pub- 
lished during the last years, however frequently providing contra- 
dictory and inconclusive results. In this sense, the fact of spreading 
the use of CSF biomarkers to the clinical routine is still question- 
able. An effort has not been done yet to systematically define the 
state-of-the-art since the new revised research criteria for AD were 
published in May 201 1. It is therefore timely and highly necessary 
to integrate all the information available in the literature, evaluate 
the findings, and assess the diagnostic efficiency of CSF biomark- 
ers. Only in this sense it will be possible to answer the relevant 
question of for which patients these CSF biomarkers can be useful 
in the clinical practice. 



2. OBJECTIVES 

Since the CSF core biomarkers have been incorporated to the 
current diagnostic criteria for AD for complementing clinical 
impression with biological support of AD pathology, the primary 
objective of this meta-review is to present an updated systematic 
and critical review on the diagnostic performance of the CSF core 
biomarkers for AD (AP42, T-tau, and p-tau). 

In particular, we aim to answer three specific questions. The 
first two addresses the issue of AD diagnosis and the third one is 
related to AD prediction: 

( 1 ) What is the diagnostic efficiency of CSF AP42, T-tau, and p-tau 
for the diagnosis of AD vs. healthy controls? 

(2) What is the diagnostic efficiency of CSF AP42, T-tau, and p- 
tau for the diagnosis of AD vs. other dementias: dementia 
with Lewy bodies (DLB), frontotemporal lobar degenera- 
tion (FTLD), vascular dementia (VaD), and Creutzfeldt-Jakob 
disease (CJD)? 

(3) What is the diagnostic efficiency of CSF AP42, T-tau, and p-tau 
for the early detection of MCI patients that will progress to 
AD vs. MCI patients that will remain stable over time? 

In order to address these questions, we reviewed system- 
atic reviews with meta-analysis as well as primary studies pub- 
lished after the publication of the new revised diagnostic criteria. 
These studies include case-control studies with prospective or 
retrospective, cross-sectional or longitudinal designs. 

3. MATERIALS AND METHODS 

3.1. SEARCH METHODS 

A systematic review was conducted for the period between Jan- 
uary 1990 and September 2013. Consulted electronic databases 
were MEDLINE and PreMedline, EMBASE, Psyclnfo, CINAHL, 
Cochrane Library, and CRD. The search strategy was developed for 
each database using the combination of the following medical sub- 
ject heading (MeSH) and free-text terms: "AD diagnosis" or "AD", 
and "abeta-42" or "T-tau" or "P-tau" or "tau" or "phospho-tau" 
or "phosphorylated tau". Examples of the search strategy followed 
for the two major databases are shown in Table Al in Appen- 
ds (MEDLINE-OVID) and Table A2 in Appendix (EMBASE- 
Elsevier). In addition, reference sections of included reports were 
searched to identify relevant publications. Researchers thought 
likely to have carried out relevant studies were also contacted. 
Studies addressing CSF AP42 , T-tau, and p-tau in AD but primarily 
focusing in other conditions were also covered. 

3.2. STUDY SELECTION 

Initial inclusion criteria for the current review were studies that: 
(1) included a systematic review with meta-analysis; (2) evalu- 
ated the diagnostic performance of at least one of the CSF core 
biomarkers for AD (AP42, T-tau, and/or P-tau); and (3) were pub- 
lished in English or Spanish. Exclusion criteria were studies that: 
(1) did not follow a rigorous process of systematic review (defin- 
ing the question, finding the evidence, documenting the search 
process, and appraising and selecting suitable studies), and (2) did 
not provide any meta-analysis. 

Two reviewers performed the study selection (Daniel Ferreira, 
Lilisbeth Perestelo-Perez). Peer review was done independently. In 
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case of doubt and/or disagreements a third reviewer was consulted 

(Pedro Serrano-Aguilar) . A total of 1 ,770 records were identified in 
the initial search. Duplicated articles were removed and remaining 
1,304 pubhcations were screened from title and abstract accord- 
ing to selection criteria. Sixty-three potentially relevant studies 
were then gathered and full text examined. Finally, seven articles 
completely fulfilled the selection criteria: Bloudek et al. (2011), 
Diniz et al. (2008), Mitchell (2009), Monge-Argiles et al. (2010), 
Schmand et al. (2010); Sunderland et al. (2003), and Van Harten 
et al. (20 . They all were systematic reviews with meta-analyses. 
Selection flow including reasons for study exclusion at each phase 
is fully detailed in Figure 1. 

As noted above, the original scope of this meta-review was to 
identify systematic reviews with meta-analyses. However, we did 
not detect any of these studies published after the new revised 
criteria for AD (May 2011). Hence, in order to synthesize the avail- 
able evidence from May 201 1 to the date of our search (September 
20 1 3 ), we decided to carry out a specific search for primary studies. 
Inclusion criteria were studies that: (1) were accepted and/or pub- 
lished after May 2011; (2) evaluated the diagnostic performance 
of at least one of the CSF core biomarkers for AD (AP42, T-tau, 
and/or P-tau); and (3) were published in English or Spanish. Same 
combination of MeSH and free-text terms was applied although 
including specifications for primary studies. From a total of 220 
records, 26 studies fulfilled inclusion criteria and were selected 
for this specific evidence-based synthesis. Complete selection flow 
and reasons for study exclusion are fully detailed in Figure 2. 

3.3. DATA COLLECTION, RISK OF BIAS AND EVALUATION OF 
METHODOLOGICAL QUALITY 

A data extraction sheet was developed to collect relevant data 
by covering: author and publication year, country, objectives. 



search methods, study selection, study design, CSF biomarkers 
evaluated, characteristics of diagnostic groups, statistical analy- 
ses, results (diagnostic accuracy and main findings), and con- 
clusions. Data extraction was carried out by a single researcher 
(Daniel Ferreira) for each eligible study. A second researcher 
verified the extracted data with the original sources to ensure 
the quality and accuracy of the extraction (Lilisbeth Perestelo- 
Perez). 

Differential handling of positive results compared to nega- 
tive results lead to a misleading bias in the overall published 
literature. Therefore, published studies may not be truly rep- 
resentative of all valid studies undertaken, and this bias may 
affect systematic reviews and meta-analyses. Several strategies 
were thus followed in order to reduce the risk of bias related 
to pubhcation, data availability, and reviewer selection (see 
Table A3 in Appendix). Moreover, users' guides published by 
Oxman et al. (1994) and PRISMA statement (Liberati et al., 
2009; Moher ct al, 2009) were used to critically evaluate the 
methodological quality of included systematic reviews with meta- 
analyses. Finally, this study was performed in accordance with 
the PRISMA statement, which provides a detailed guideline 
of preferred reporting style for systematic reviews and meta- 
analyses. 

3.4. OUTCOME MEASURES AND STATISTICAL ANALYSES 

For each CSF core biomarker (AP42, T-tau, and p-tau), the fol- 
lowing outcome measures of diagnostic ability were considered: 
sensitivity, specificity, and diagnostic accuracy [positive predictive 
value (PPV); negative predictive value (NPV)]. Means, standard 
deviations, and maximum and minimum values for sensitivity and 
specificity were calculated for primary studies. In addition, likeli- 
hood ratios were calculated from mean sensitivity and specificity 
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FIGURE 1 I Study selection flow for systematic reviews with meta-analyses. 
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FIGURE 2 I Study selection flow for primary studies published after the new revised diagnostic criteria. 



values provided in the systematic reviews v/ixh meta-analysis and 
primary studies: 

Positive likelihood ratio (LR-I-) = sensitivity/ (1 — specificity) 
Negative likelihood ratio (LR— ) = (1 — sensitivity)/specificity 

4. RESULTS 

4.1. SYSTEMATIC REVIEWS WITH META-ANALYSIS 

4. 1. 1. Main characteristics of studies and metliodological quality 

Among the seven systematic reviews with meta-analyses included 
in this meta-review, three refer to the diagnostic ability of CSF 
core biomarkers to discriminate AD vs. healthy controls (Sun- 
derland et al, 2003; Mitchell, 2009; Bloudek et al, 2011). Three 
studies include patients with AD vs. other dementias (Mitchell, 
2009; Bloudek et al, 2011; Van Harten et al, 2011). More specif- 
ically, Bloudek et al. (2011) and Mitchell (2009), compared AD 
to a mixed group including different types of dementia. Only 
Van Harten et al. (2011) specified separated groups of demen- 
tia: DLB, FTLD, VaD, and CJD. Finally, four studies describe the 
ability of CSF core biomarkers to differentiate patients with MCI 
who progress to AD or other dementias [MCI-converters (MCI- 
C) ] compared with patients with MCI who remain stable over time 
[MCI-stable (MCI-S)] (Diniz et al, 2008; Mitchell, 2009; Monge- 
Argiles et al., 2010; Schmand et al, 2010). Table 1 summarizes 
the main characteristics of each selected systematic review with 
meta-analysis. 

Scores in the Oxman's scale are presented in Table A4 in Appen- 
dix. All the included systematic reviews with meta-analysis had 
total scores between 7 and 8, which correspond to satisfactory 
methodological quality (Oxman et al., 1994). PRISMA check- 
hst is presented in Table A5 in Appendix, showing reporting 
transparence of the different systematic reviews. 



4. 1.2. Diagnostic performance of CSF core biomarkers for AD 

Results from included systematic reviews with meta-analysis are 
presented below according to the specific objectives of this meta- 
review. The first section includes the comparison between AD 
and healthy controls. The second section details the differential 
diagnosis between AD and other dementias. The third and last 
section addresses the discrimination between MCI-C and MCI-S. 
For each section, information is presented separately for the three 
different biomarkers as well as possible combinations between 
them. Tables l-A summarize mean sensitivity and specificity val- 
ues provided in the various meta-analyses, as well as corresponding 
likelihood ratios. 

4. 1.3. AD vs. healtliy controls 

4.1.3.1. A^42. Decreased CSF AP42 concentrations to about 
50% have frequently been reported in AD patients when compared 
to healthy controls. However, no reductions and even higher levels 
have also been reported. Sunderland et al. (2003) included 17 stud- 
ies in their meta-analyses. A clear reduction in A^42 was found in 
14 studies, while 2 studies were equivocal (Fukuyama et al., 2000; 
Csernansky et al., 2002), and another reported increased levels of 
Afi42 in the AD group (Jensen et al., 1999). About the diagnostic 
utility of CSF AP42, Bloudek et al. (2011) reported a mean sen- 
sitivity of 80% (95% CI = 73-85%) and specificity of 82% (95% 
CI = 74-88%). 

4.1.3.2. T-tau. An increase by approximately 300% in the total 
concentration of tau in CSF has been found in many studies com- 
paring AD patients vs. normal controls. In the meta-analysis per- 
formed by Sunderland et al. (2003), significant differences in CSF 
T-tau levels were obtained in all reviewed studies. About the diag- 
nostic utUity of T-tau, Bloudek et al. (2011) reported sensitivity of 
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Table 2 | Systematic reviews with meta-analyses (AD vs. healthy controls): sensitivity and specificity values. 



CSF biomaricer and 


Number of 


Number of 


Number of 


Sensitivity 


Specificity 


LR+ 


LR- 


study 


studies included 


AD patients 


healthy controls 


(95% CI) 


(95% CI) 
























Bloudek etal. (2011) 


14 


ns 


ns 


80 (73-85) 


82 (74-88) 


4 


0.2 




■ etal. (2011) 


22 


ns 


ns 


82 (76-87) 


90 (86-93) 


8 


0.2 




Mitchell (2009) 


19 


1329 


971 


78 (71-84) 


88 (84-91) 


7 


0.3 




14 


ns 


ns 


80 (70-87) 


83 (75-88) 


5 


0.2 




Bloudek etal. (2011) 


11 


ns 


ns 


89 (84-92) 


87 (83-90) 


7 


0.1 



AD, Alzheimer's disease: CI, confidence interval; LR+, positive likelihood ratio; LR—, negative likelihood ratio; ns, non-specified; sensitivity and specificity values are 
expressed in percentages. 



Table 3 | Systematic reviews with meta-analyses (AD vs. other dementias): sensitivity and specificity values. 

CSF biomarker and Number of Number of Number of non-AD Sensitivity Specificity LR+ LR— 

Study studies included AD patients demented patients (95% CI) (95% CI) 



RiouHoU etal. (2011) 


12 


ns 


ns 


73 (67-78) 


67 (62-72) 


2 


0.4 




Bloudek etal. (2011) 


19 


ns 


ns 


78 (72-83) 


75 (68-81) 


3 


0.3 


Van Harten etal. (2011) 


19 


473 


DLB: 208 


73 (62-84) 


90 (85-95) 


7 


0.3 




22 


1330 


FTLD: 464 


74 (66-82) 


74 (66-81) 


3 


0.4 




23 


1048 


VaD: 306 


73 (60-86) 


86 (80-90) 


5 


0.3 




7 


175 


CJD: 110 


91 (86-96) 


98 (97-100) 


46 


0.09 



Mitchell (2009) 18 1304 

Bloudek etal. (2011) 20 ns 

Van Harten etal. (2011) 9 531 

14 607 

13 333 



Bloudek etal. (2011) 7 ns 



588 72 (63-80) 78 (72-83) 3 0.4 

ns 79(72-84) 80(71-86) 4 0.3 

DLB: 210 74 (68-80) 83 (76-89) 4 0.3 

FTLD: 249 79 (67-90) 83 (76-90) 5 0.3 

VaD: 165 88(72-92) 78(68-88) 4 0.15 

^ . - ^ . . 

ns 86(79-91) 67(53-79) 3 0.2 



AD, Alzheimer's disease; CI, confidence interval; LR+, positive likelihood ratio; LR—, negative likelihood ratio; ns, non-specified; sensitivity and specificity values are 
expressed in percentages; DLB, dementia with Lewy bodies; FTLD, frontotemporal lobe degeneration; VaD, vascular dementia; CJD, Creutzfeldt-Jakob disease. 



82% (95% CI = 76-87%) and specificity of 90% (95% CI = 86- 
93%). As it can be seen in Table 2, T-tau has the highest LR+ (=8), 
indicating moderate increase in the likelihood of the disease. 

4.1.3.3. p-tau. p-tau concentration in CSF is also increased in 
AD when compared to healthy controls. Mean sensitivity values 
are around 80% [Mitchell (2009): 78%, with 95% CI = 71-84%; 
Bloudek et al. (2011): 80%, with 95% CI = 70-87%], while speci- 
ficity is lightly higher [Mitchell (2009): 88%, with 95% CI = 84- 
91%; Bloudek et al. (2011): 83%, with 95% IC = 75-88%]. In 
addition, according to the meta-analyses performed by Mitchell 
f 2009), PPV and NPV values were 90 and 73%, respectively P-tau 
would facilitate 81.8 correct diagnoses for every 100 individuals 
tested. Different tau epitopes (pl81, pl99, and p231) had similar 
values, showing no significant differences between them. 



4.1.3.4. Combination of CSF core biomarkers. Only Bloudek 
et al. (2011) included the combination of several CSF core bio- 
markers on their meta-analyses. Results for the combination of 
AP42 and tau through 1 1 different studies gave a mean sensitivity 
of 89% (95% CI = 84-92%) and a mean specificity of 87% (95% 
CI = 83-90%). Moreover, as it is detailed in Table 2, the combina- 
tion of AP42 and T-tau has the lowest LR— (=0.1), with moderate 
decrease in the likelihood of the disease. 

4. 1.4. AD vs. other dementias 

4.1.4.1. Al^42. The meta-analyses performed by Bloudek et al. 
(2011) showed that CSF AP42 distinguished AD patients from non- 
AD demented patients with a sensitivity of 73% (95% CI = 67- 
78%) and a specificity of 67% (95% CI = 62-72%). However, 
different forms of dementia were pooled together. We have not 
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Table 4 | Systematic reviews with meta-analyses (MCl-C vs. MCl-S): sensitivity and specificity values. 



CSF biomarker and study 


Number of 


Number of 


Number of 


Sensitivity 


Specificity 


LR-H 


LR- 




studies included 


MCl-C patients 


MCl-S patients 


(95% CI) 


(95% CI) 










Monge-Argiles et al. (2010) 


6 


128 


216 


67 (59-75) 


71 (65-78) 


2 


0.5 


MRU 
















\rgiles et al. (2010) 


11 


213 


383 


82 (76-86) 


70 (65-75) 


3 


0.3 




Mitdiell (2009)^ 


6 


163 


225 


81 (69-91) 


65 (50-80) 


2 


0.3 




7 


157 


306 


81 (75-87) 


76 (70-81) 


3 


0.3 




Monge-Argiles et al. (2010) 


3 


101 


164 


81 (72-88) 


87 (81-91) 


6 


0.2 



MCI, mild cognitive impairment (MCl-C: MCl-converters, MCl-S: MCl-stables): CI, confidence interval; /.ff-H, positive likelihood ratio; LR—, negative likelihood ratio; 

sensitivity and specificity values are expressed in percentages; 
'MCI patients who progress to dementia (non-necessarily AD). 



found farther systematic reviews with meta-analyses comparing 
AD against other specific forms of dementia. 

4.1.4.2. T-tau. The meta-analyses performed by Bloudek et al. 
(2011) showed that CSF T-tau distinguished AD patients from 
non-AD demented patients with a sensitivity of 78% (95% 
CI = 72-83%) and a specificity of 75% (95% CI = 68-81%). In 
addition, Van Harten et al. (2011) published a detailed meta- 
analysis reporting sensitivity and specificity values for the dif- 
ferential diagnosis of AD against other specific entities as DLB, 
FTLD, VaD, and CJD. Regarding DLB, in spite of the consider- 
ably variability between studies, CSF T-tau levels are generally 
much lower in DLB than in AD. The meta-analyses performed by 
Van Harten et al. (2011) yielded a mean sensitivity of 73% (95% 
CI = 62-84%) and specificity of 90% (95% CI = 85-95%). CSF 
T-tau levels are also much lower in FTLD than AD. Since FTLD 
usually occurs before the age of 65, comparison with early-onset 
AD is relevant. When only patients with early-onset AD were ana- 
lyzed, differences between FTLD and AD were even larger. In van 
Harten's meta-analyses, sensitivity and specificity were both 74% 
(sensitivity: 95% CI = 66-82%; specificity: 95% CI = 66-81%). T- 
tau CSF concentrations in VaD patients are far lower than in AD 
patients. In the same study. Van Harten et al. (201 1 ) reported a sen- 
sitivity of 73% (95% CI = 60-86%) and specificity of 86% (95% 
CI = 80-90%). Finally, numerous studies have shovm that CJD 
is characterized by extremely high CSF T-tau values as compared 
withAD (atleast 10-fold higher). Van Harten etal. (2011) obtained 
a sensitivity of 91% (95% CI = 86-96%) and specificity of 98% 
(95% CI = 97-100%). Table 3 shows likelihood ratios for the two 
meta-analyses. Results indicate that when comparing AD vs. CJD, 
T-tau offers an extremely high capacity to rule-in AD patients 
(LR-I- = 46) and rule-out non-AD cases (LR— = 0.09). Moreover, 
T-tau turned out to be moderately appropriated to rule-in AD 
patients when compared to DLB (LR-f- = 7) and VaD (LR-|- = 5). 

4.1.4.3. p-tau. The diagnostic utility of CSF p-tau for AD 
against other dementias has been meta-analyzed by Bloudek 
et al. (2011); Mitchell (2009), and Van Harten et aL (2011). 
Both Mitchell and Bloudek presented sensitivity and specificity 



values for AD compared with a pooled group of different 
forms other non-AD dementias. Bloudek et al. (2011) obtained 
slightly higher sensitivity and specificity values (sensitivity: 79%, 
95% CI = 72-84%; specificity: 80%, 95% CI = 71-86%). Mitchell 
(2009) reported a mean sensitivity of 72% (95% CI = 63-80%) 
and specificity of 78% (95% CI = 72-83%), with a PPV of 86% 
and NPV of 58%. Thus, p-tau would facilitate 73.7 correct diag- 
noses for every 100 individuals with dementia tested. An analysis 
about the specific p-tau epitopes showed that p 181 appeared to be 
significantly less sensitive than either pl99 or p231. In addition, 
p231 was significantly less specific than either pl99 or pl81. How- 
ever, given the limited data for pl99 and p231 these findings must 
be considered provisional. On the other hand. Van Harten et al. 

reported sensitivity and specificity values for the differential 
diagnosis of AD against specific forms of non-AD dementias. In 
relation to DLB, CSF p-tau levels were lower than in AD, with a sen- 
sitivity of 74% (95% CI = 68-80%) and specificity of 83% (95% 
CI = 76-89%). CSF p-tau levels in FTLD were also lower than 
in AD. Sensitivity was 79% (95% CI = 67-90%), and specificity 
83% (95% CI = 76-90%). Regarding VaD, CSF p-tau values were 
also lower than in AD, with a sensitivity of 88% (95% CI = 72- 
92%), and specificity of 78% (95% CI = 68-88%). Patients with 
combined AD and VaD have elevated concentrations of T-tau and 
P-tau compared with AD patients. Finally, Van Harten et al. (201 1) 
also presented some considerations for CJD related to AD. CSF 
p-tau alone has not been sufficiently investigated as diagnostic 
marker to differentiate both diagnostic categories. However, var- 
ious studies indicate that CSF p-tau concentrations on CJD are 
relatively less increased compared with concentrations of T-tau. 
Moreover, two original studies combining T-tau and P-tau values 
showed very good diagnostic performance when comparing CJD 
and AD patients, with a sensitivity of 91-100% and specificity of 
97-100% (Buerger et al, 2006; Matsui et al., 2010). Likelihood 
ratios presented in Table 3 show that p-tau is suitable to rule-in 
AD patients when compared to FTLD (LR-|- = 5), and to rule-out 
non-AD cases when compared to VaD (LR— = 0.15). 

4.1.4.4. Combination of CSF core biomarkers. Bloudek et al. 
(2011) reported in their meta-analysis a mean sensitivity of 86% 
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(95% CI = 79-91%) and specificity of 67% (95% CI = 53-79%) 
when combining CSF levels of AP42 and tau. This combination did 
not significantly increase the likelihood of AD vs. other dementias 
(LR+ = 3), but could be suitable to rule-out non-AD cases in the 
same context (LR— = 0.2). 

4.1.5. MCI-CVS.MCI-S 

4.1.5.1. Af,42. At baseline, MCI-C have lower levels of CSF AP42 
as compared to MCI-S, to controls, and even to those who have 
any additional decline yet not sufficient to reach the diagnos- 
tic threshold for dementia or AD (MCI-P) (Diniz et al., 2008; 
Schmand et al, 2010). Moreover, in the meta-analyses carried out 
by Diniz et al, f20iiR;, CSF AP42 levels were similar for MCI- 
C and AD patients. Only one study demonstrated a significant 
reduction of CSF AP42 between baseUne and follow-up assess- 
ments in MCI-C patients (-"-■-x^-"" ?t -l., 2003). Interestingly, 
another study showed that MCI patients with lower CSF AP42 
values had a faster progression to AD (Herukka et al., 2007). 
In regards to the diagnostic utility of CSF AP42 to distinguish 
MCI-C fi-om MCI-S, Monge-Argiles et al. (2010) reported a sensi- 
tivity of 67% (95% CI = 59-75%), and a specificity of 71% (95% 
CI = 65-78%). 

4.1.5.2. T-tau. MCI-C and MCI-P have higher CSF T-tau lev- 
els at baseline as compared to MCI-S patients and controls. In 
contrast, MCI-C and AD patients have similar CSF T-tau levels 
(Diniz et al, 2008; Schmand ct al., 2010). Moiigc-Argiles ct al. 
(2010), reported a sensitivity of 82% (95% CI = 76-86%), and a 
specificity of 70% (95% CI = 65-75%). 

4.1.5.3. p-tau. Cerebrospinal fluid p-tau levels in MCI-C 
patients are also higher at baseline as compared to MCI-S and 
controls (l)ijiiz ct al, 2008; Schmand et al., 2010). Regard- 
ing the diagnostic utility of CSF p-tau to distinguish MCI-C 
from MCI-S, Monge-Argiles et al. (2010) reported a sensitiv- 
ity of 81% (95% CI = 75-87%) and specificity of 76% (95% 
CI = 70-81%). Moreover, Mitchell (2009) studied CSF p-tau 
ability to distinguish between MCI patients who progress to 
dementia (not necessarily AD), and MCI-S. Sensitivity was also 
81% (95% CI = 69-91%). However, mean specificity fell down 
to 65% (95% CI = 50-80%). According to Mitchell's analyses, 
p-tau would be expected to facilitate 71.9 correct diagnoses 
for every 100 individuals tested. The predicted PPV would be 
63% and the NPV 83%, suggesting that p-tau might be best 
used to predict who would not progress rather than who might 
deteriorate. 

4.1.5.4. Combination of CSF core biomarkers. According to 
the meta-analysis performed by Diniz et al. (2008), in general, 
the association of two or three different CSF biomarkers yielded 
higher sensitivity and specificity values than each biomarker alone. 
Monge-Argiles et al. (2010) indicated a mean sensitivity of 81% 
(95% CI = 72-88%), and a specificity of 87% (95% CI = 81-91%). 
Moreover, likelihood ratios show that this combination also has the 
best capacity to rule-in MCI-C patients (LR-|- = 6) and to rule-out 
non-MCI-C patients (LR- = 0.2). 



4.2. PRIMARY STUDIES PUBLISHED AFTER THE NEW REVISED 
DIAGNOSTIC CRITERIA 

The specific search for studies published between May 2011 and 
September 2013 resulted in 26 unique eligible references. Fourteen 
refer to the diagnostic ability of CSF core biomarkers to discrimi- 
nate between AD and healthy controls (Bj erke et al. , 2 0 1 1 ; Baldeiras 
et al., 2012; Ewers et al, 2012; Mattsson et al, 2012; Mouton-Liger 
et al., 2012; Parnetti et al., 2012; Westman et al., 2012; Yang et al., 
2012; Bombois et al., 2013; Guo et al, 2013; Lampert et al., 2013; 
I..: r istard et al., 2013; Molinuevo ct al., 20 ! ?; il., 2013). 
Eight studies include patients with AD vs. other dementias (Bjerke 
et al., 2011; Bibl et al., 2012; de Rino et al., 2012; Irwin et al., 2012; 
Toledo et al, 2012; Gabelle et al, 2013; Le Bastard ct al, 2013; 
Munoz-Ruiz et al., 2013). Twelve studies describe the ability of 
CSF core biomarkers to differentiate between MCI-C and MCI-S 
(Buchhave et al., 2012; Ewers et al, 2012; Mattsson et al, 2012; 
Parnetti et al, 2012; Vos et al., 2012, 2013; Westman et al., 2012; 
Yang et al, 2012; Gaser et al, 2013; Liu et al., 2013; Monge-Argiles 
et al, 2013; Toledo et al., 2013). Table 5 summarizes the main 
characteristics of these studies and their results. Sensitivity and 
specificity values of each individual primary study are presented in 
Tables 6-8. Sensitivity and specificity values were in line with those 
reported in systematic reviews with meta-analyses. Results show 
that lot of effort has been put in the combination of different 
biomarkers, managing to achieve the highest sensitivity and speci- 
ficity values. Most of the recent studies do not only combine the 



Table 5 | Summary of primary studies published after the new revised 
diagnostic criteria: mean sensitivity and specificity values. 

Number of Sensitivity Specificity LR+ LR- 

comparisons 

included 

Mean Min- Mean Min- 
(SD) max (SD) max 



AD V^^^^V CONTROLS 



AP42 


11 


83 (9) 


63-97 


80 (8) 


67-92 


4 


0.2 


T-tau 


12 


78 (9) 


61-91 


82 (14) 


53-97 


4 


0.3 


p-tau 


12 


78 (10) 


61-89 


77 (18) 


37-92 


3 


0.3 


Combination 


25 


87 (6) 


70-98 


84 (9) 


53-97 


5 


0.2 




AP42 


5 


85 (5) 


82-95 


61 (24) 


22-80 


2 


0.2 


T-tau 


4 


75 (14) 


61-92 


71 (22) 


40-93 


3 


0.4 


p-tau 


4 


80 (6) 


77-88 


78 (15) 


56-88 


4 


0.3 


Connbination 


19 


86 (10) 


67-100 


78 (14) 


36-97 


4 


0.2 


AP42 


9 


79 (14) 


55-91 


63 (20) 


36-96 


2 


0.3 


T-tau 


9 


76 (12) 


60-88 


58 (17) 


39-88 


2 


0.4 


p-tau 


7 


78 (9) 


64-85 


56 (18) 


30-90 


2 


0.4 


Combination 


19 


84 (10) 


57-98 


63 (19) 


36-95 


2 


0.3 



AD, Alzheimer's disease; MCI, mild cognitive Impairment (MCI-C: MCI- 
converters, MCI-S: MCl-stablesj; SD, standard deviation; LR-\-, positive likeli- 
hood ratio: LR—, negative likelihood ratio; sensitivity and specificity values are 
expressed in percentages. 
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Table 6 | Primary studies published after the new revised diagnostic criteria (AD vs. Healthy Controls): sensitivity and specificity values. 



CSF biomarker and Study 


AD diagnostic 


Number of 


Number of 


Sensitivity 


Specificity 


Specifications 




criteria 


AD patients 


healthy controls 










Baldeiras etal. (2012) 


NINCDS-ADRDA 


170 


35^ 


79 


73 




Bombois etal. (2013) 


NINCDS-ADRDA 


91 


37'^ 


77 


79 




Guo etal. (2013) 


NINCDS-ADRDA 


69 


92 


78 


74 




Le Bastard etal. (2013) 


Neuropathological 


51 


95 


94 


88 


ELISA 










88 


92 


LUMINEX 


Mattsson etal. (2012) 


NINCDS-ADRDA 


529 


304 


85 


82 


Age <64 










85 


82 


Age 65-74 










85 


73 


Age >75 


Molinuevoetal. (2013) 


NINCDS-ADRDA 


238 


103 


87 


67 




Mouton-Ligeretal. (2012) 


NINCDS-ADRDA 


45 


35= 


97 


89 




jtal. (2012) 


NINCDS-ADRDA 


28 


28 


63 


79 




Baldeiras et al. (2012) 


NINCDS-ADRDA 


170 


35^ 


78 


82 




Bombois etal. (2013) 


NINCDS-ADRDA 


91 


37b 


76 


95 




Ewers etal. (2012) 


NINCDS-ADRDA 


81 


101 


64 


78 




Guo et al. (2013) 


NINCDS-ADRDA 


69 


92 


61 


85 




Le Bastard etal. (2013) 


Neuropathological 


51 


95 


69 


94 


ELISA 










82 


87 


LUMINEX 


Mattsson etal. (2012) 


NINCDS-ADRDA 


529 


304 


85 


74 


Age <64 










85 


53 


Age 65-74 










85 


61 


Age >75 


Molinuevoetal. (2013) 


NINCDS-ADRDA 


238 


103 


82 


83 




Mouton-Ligeretal. (2012) 


NINCDS-ADRDA 


45 


35"= 


91 


97 




Parnetti et al. (2012) 


NINCDS-ADRDA 


28 


28 


82 


93 






Baldeiras etal. (2012) 


NINCDS-ADRDA 


170 


35^ 


82 


91 




Bombois etal. (2013) 


NINCDS-ADRDA 


91 




87 


92 




Ewers et al. (2012) 


NINCDS-ADRDA 


81 


101 


67 


79 




Guo etal. (2013) 


NINCDS-ADRDA 


69 


92 


61 


86 




Le Bastard et al. (2013) 


Neuropathological 


51 


95 


77 


78 


ELISA 










69 


91 


LUMINEX 


Mattsson etal. (2012) 


NINCDS-ADRDA 


529 


304 


85 


67 


Age <64 










85 


46 


Age 65-74 










85 


37 


Age >75 


Molinuevoetal. (2013) 


NINCDS-ADRDA 


238 


103 


82 


72 




Mouton-Ligeretal. (2012) 


NINCDS-ADRDA 


45 


35= 


89 


90 




Parnetti et al. (2012) 


NINCDS-ADRDA 


28 


28 


64 


89 




Baldeiras etal. (2012) 


NINCDS-ADRDA 


170 


35^ 


80 


94 


T-tau/AP42 










88 


91 


AP42/p-tau 


Bjerke et al. (2011) 


NINCDS-ADRDA 


30 


30 


93 


83 


OPLS'' 


Bombois et al. (2013) 


NINCDS-ADRDA 


91 




88 


89 


T-tau/AP42 










89 


92 


Afi42/T-tau 










84 


97 


Hulstaert's index^ 


Guo etal. (2013) 


NINCDS-ADRDA 


69 


92 


78 


79 


LRf 


Lampert et al. (2013) 


NINCDS-ADRDA 


62 


74 


92 


66 


T-tau/AP42 (all) 






37 


36 


95 


53 


T-tau/AP42 (FH-l-9) 






25 


38 


88 


79 


T-tau/AP42 (FH-i^) 



(Continued) 
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Table 6 | Continued 

CSF biomaricer and Study AD diagnostic Number of Number of Sensitivity Specificity Specifications 

criteria AD patients healthy controls 



Le Bastard et al. (2013) 


Neuropathological 


51 


95 


98 


91 


LR' (ELISA) 










94 


87 


LR' (LUMINEX) 


Mattsson et al. (2012) 


NINCDS-ADRDA 


529 


304 


85 


95 


Age <64 (LW) 










85 


83 


Age 65-74 (LRi) 










85 


80 


Age >75 (LRi) 


Molinuevo et al. (2013) 


NINCDS-ADRDA 


238 


103 


84 


88 


T-tau/Ap42 










84 


87 


p-tau/Afi42 










94 


86 


AD-CSF-index forT-tau*^ 










94 


84 


AD-CSF-index for p-tau' 










93 


81 


Hulstaert's index"^ 


Parnetti etal. (2012) 


NINCDS-ADRDA 


28 


28 


78 


89 


AP42/T-tau 










83 


82 


AP42/p-tau 


Toledo et al. (2013) 


NINCDS-ADRDA 


92 


110 


70 


82 


T-tau/Ap42 


Westman etal. (2012) 


NINCDS-ADRDA 


96 


111 


84 


79 


OPLS" 


Yang etal. (2012) 


NINCDS-ADRDA 






87 


75 


SVM° 



AD, Alzheimer's disease. 

'Neurological controls, most of them suffering from acute or chronic headaches with no subjective cognitive complaints. 

"Controls consisted of individuals with psychiatric disorders or other neurological conditions such as headaches, dysarthria, chronic alcoholism, Parkinson's disease, 

multiple sclerosis or drug addiction. 
'Neurological controls. 

''OPLS: Orthogonal projection to latent structures. The biomarkers contributing the most to the discrimination between AD and controls were in the following order: 

-4^42, T-tau, NF-L (neurofilament light), MMP-10 (myelin basic protein), p-tau-181, H-FABP (heart fatty acid binding protein), and MBP (matrix metailoprotelnases). 

'Hulstaert's index: A^„2/[p-taul3. 694 + 0.0105T-tau)] (see Hulstaert et al., 1999). 

'LR: Logistic regression model including A^42, T-tau, and p-tau-181. 

'FH-i-: Family history positive. First-degree relative who has developed late-onset AD. 

"FH-: Family history negative. 

'LR: Logistic regression model including Afi42 and T-tau. 

'LR: Logistic regression model including A^42/p-tau, and T-tau. 

''AD-CSF-index forT-tau: l(A'^„„ -A^,2)/(A^wsx -A^mJ-\- (T-tau -T-tau„i„)/(T-tau„s„ -T-tau^Jl, where A^max andT-taUm^x represent the 95" percentile of the respective values, 

andA^„i„ andT-tau^n represent the 5" percentile of the distribution values). 

'AD-CSF-index for p-tau: OTP„„-/*P«M/\p„,-/^P™i„'+ (p-tau -p-tau„J/(p-tau„x-fJ-tau„Jl. 

"Hulstaert's index: A(>,2/(240+ 1. IStau). 

" OPLS: The model included A^42, T-tau and p-tau. 

'SVM: Linear support vector machine, including /\fi^, T-tau and p-tau. 



CSF core biomarkers between them by calculating their ratios but 
also apply logistic regression models and advanced multivariate 
statistical methods. These models allow combining the CSF core 
biomarkers with other disease markers (Bjerke et al, 2011; West- 
man et al., 2012; Yang et al, 2012). Furthermore, several recent 
studies have analyzed the utility of indexes as the AD-CSF-index 
(Molinuevo etal., 2013) and the disease state index (DSI) (Munoz- 
Ruiz et al., 2013), and some procedures as the Predict AD tool 
(Liu et al., 2013). DSI and PredictAD tool combine the CSF core 
biomarkers with demographic data, APOE, cognitive tests, and 
neuroimaging data. 

It must be noticed that only three studies applied the new 
revised diagnostic criteria for AD or classified the MCI patients 
according to biomarker evidence of AD pathophysiology (Toledo 
et al, 2012; Liu et al, 2013; Monge-Argiles et al, 2013). In addi- 
tion, although not reporting sensitivity and specificity values, we 
detected six further studies that also applied the new revised 



diagnostic criteria (Heister et al., 20 1 1 ; Galluzzi et al., 20 1 3; Knop- 
suaii et al, 2013; Prestia et al, 2013; Roe et al, 2013). Galluzzi et al. 
(2013), Heister etal. (201 1 )^ Nlonge-Argiles et al. (2013) and Pres- 
tia etal. (2013) found that progression to AD was more frequent in 
MCI patients with increased biological severity based on biomark- 
ers. Galluzzi etal. (2013), reported that 100% of MCI patients with 
the AD biomarker pattern developed AD, but 0% of the patients 
with normal biomarker pattern did so. ' I, ' ' ; ■ t V ^"01 1) and 
Monge-Argiles et al. (2013) mostly replicated these results. More- 
over, Prestia et al. (2013) showed that conversion from MCI to AD 
is not only more frequent among individuals with biomarker pos- 
itivity but also occurs earlier. Interestingly, two very recent studies 
have reported that individuals in the preclinical AD phase (cogni- 
tively normal but with biomarker positivity) have an increased rate 
of conversion to MCI (21%) compared to controls with a normal 
biomarker profile (7%) (Knopman et al., 2013), and also have a 
more rapid progression (Roe et al, 2013). 
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Table 7 | Primary studies published after the new revised diagnostic criteria (AD vs. other dementias): sensitivity and specificity values. 



CSF biomarker and 


AD diagnostic 


Number of 


Number of non-AD 


Sensitivity 


Specificity 


Specifications 


Study 


criteria 


AD patients 


demented patients 












BibI etal. (2012) 


NINCDS-ADRDA 


22 


17 (FTLD) 


95 


53 




de Rinoetal. (2012) 


NINCDS-ADRDA 


72 


42 (FTLD) 


82 


22 




Gabelle etal. (2013) 


NINCDS-ADRDA 


272 


405 (AA, FTLD, LBD, ODD, OND, PSY) 


82 


71 




Le Bastard etal. (2013) 


Neuropathological 


51 


15 (CJD, DLB, FTLD, VaD, PDD, SCA) 


84 


79 


ELISA 










84 


80 


LUMINEX 




de Rino et al. (2012) 


NINCDS-ADRDA 


72 


42 (FTLD) 


61 


73 




Gabelle etal. (2013) 


NINCDS-ADRDA 


272 


405 (AA, FTLD, LBD, ODD, OND, PSY) 


81 


78 




Le Bastard et al. (2013) 


Neuropathological 


51 


15 (CJD, DLB, FTLD, VaD, PDD, SCA) 


65 


93 


ELISA 










92 


40 


LUMINEX 




de Rinoetal. (2012) 


NINCDS-ADRDA 


72 


42 (FTLD) 


88 


56 




Gabelle etal. (2013) 


NINCDS-ADRDA 


272 


405 (AA, FTLD, LBD, ODD, OND, PSY) 


77 


88 




Le Bastard et al. (2013) 


Neuropathological 


51 


15 (CJD, DLB, FTLD, VaD, PDD, SCA) 


77 


80 


ELISA 










77 


87 


LUMINEX 


BibI etal. (2012) 


NINCDS-ADRDA 


22 


17 (FTLD) 


91 


65 


AP42/AP40 










82 


82 


AP42/AP38 


Bjerke et al. (2011) 


NINCDS-ADRDA 


30 


26 (MD or sVaD) 


89 


90 


OPLS" 


de Rinoetal. (2012) 


NINCDS-ADRDA 


72 


42 (FTLD) 


84 


61 


T-tau/AP42 










80 


68 


p-tau/AP42 


Gabelle etal. (2013) 


NINCDS-ADRDA 


272 


405 (AA, FTLD, LBD, ODD, OND, PSY) 


87 


79 


AP42/T-tau 










85 


84 


Ap42/p-tau 










85 


87 


LR<^ 


Irwin etal. (2012) 


Neuropathological 


11 


10 (FTLD) 


100 


91 


T-tau/AP42 (ELISA) 




Clinical diagnosis^ 


30 


10 (FTLD) 


90 


97 


T-tau/AP42 (LUMINEX) 






11 


10 (FTLD) 


100 


36 


T-tau/AP42 (ELISA) 






30 


6 (FTLD) 


67 


87 


T-tau/AP42 (LUMINEX) 


Le Bastard etal. (2013) 


Neuropathological 


51 


15 (CJD, DLB, FTLD, VaD, PDD, SCA) 


88 


80 


LRt^ (ELISA) 










90 


73 


LR" (LUMINEX) 


Munoz-Ruiz et al. (2013) 


DSM-IV 


35 


37 (FTLD) 


70 


71 


DSI^ 


Toledo etal. (2012) 


Neuropathological 


71 


29 (FTLD) 


90 


82 


LRf (ELISA) 










100 


88 


LR9 (LUMINEX) 




NIA-AA 


71 


29 (FTLD) 


69 


80 


LRfi (ELISA) 










79 


78 


LR^i (LUMINEX) 



AD, Alzheimer's disease; FTLD, frontotemporal lobe degeneration; AA, amyloid angiopathies; DLB, dementia with Lewy bodies; ODD, other neurodegenerative 
diseases; ND, other non-neurodegenerative diseases; PSY psychiatric disorders; CJD, Creutzfeldt-Jal<ob disease; VaD, vascular dementia; PDD, Parldnson's disease 
dementia: SCA, spinocerebellar ataxia; MD, mixed dementia; sVaD, subcortical vascular dementia. 
'Clinical diagnosis: criteria applied is not specified. 

"OPLS: Orthogonal projection to latent structures. The biomarkers contributing the most to the discrimination between AD and sVaD were in the following order: 
MBP (matrix metalloproteinases), TltVlP-l (tissue inhibitor of metalloproteinasesj, p-tau-181, NF-L (neurofilament light), T-tau, M!^P-9 (myelin basic protein), fi<(n2, and 
MMP-2 (myelin basic protein). 

'-LR: logistic regression model including p-tau andAf<42. 
'LR: logistic regression model including A^42 and p-tau. 

"DSI: disease state index, including APOE, A^42, T-tau, p-tau, MRI (hippocampal volume, tensor-based morphometry, and voxel-based morphometry), and MIVISE. 
'LR: logistic regression model including /Ap^j and T-tau. 
'LR: logistic regression model including A^42 and p-tau. 
"LR: logistic regression model including T-tau and p-tau. 



Frontiers in Aging Neuroscience 



wvvw.frontiersin.org 



March 2014 | Volume 6 | Article 47 1 12 



Ferreira et al. 



CSF biomarkers in Alzheimer's disease 



Table 8 | Primary studies published after the new revised diagnostic criteria (MCl-C vs. MCl-S): sensitivity and specificity values. 



CSF biomarker and Study 


AD diagnostic 


Number of 


Number of 


Sensitivity 


Specificity 


Specifications 




criteria 


IVICI-C patients 


MCl-S patients 












Buchhave etal. (2012) 


NINCDS-ADRDA 


72 


62" 


90 


76 




Gaser et al. (2013) 


NINCDS-ADRDA 


32 


33 


91 


36 


MCI (early progression)^ 






66 


33 


89 


36 


MCI (a11)= 


Mattsson etal. (2012) 


NINCDS-ADRDA 


271 


102'' 


85 


77 


Age <64 










85 


56 


Age 65-74 










85 


60 


Age >75 


Parnetti etal. (2012) 


NINCDS-ADRDA 


32 


58 


56 


96 




Vos et al. (2013) 


NINCDS-ADRDA 


130 


216 


75 


58 


Amnestic MCI 






61 


131 


55 


71 


Non-amnestic MCI 


Ewers etal. (2012) 


NINCDS-ADRDA 


58 


72 


61 


59 




Gaser et al. (2013) 


NINCDS-ADRDA 


32 


33 


84 


39 


MCI (early progression)'' 






66 


33 


88 


39 


MCI (all)« 


Mattsson etal. (2012) 




271 


102" 


85 


65 


Age <64 










85 


49 


Age 65-74 










85 


46 


Age >75 


Parnetti et al. (2012) 


NINCDS-ADRDA 


32 


58 


62 


88 




Vos etal. (2013) 


NINCDS-ADRDA 


130 


216 


74 


61 


Amnestic MCI 






61 


131 


60 


78 


Non-amnestic MCI 


Ewers etal. (2012) 


NINCDS-ADRDA 


58 


72 


64 


59 




Gaser et al. (2013) 


NINCDS-ADRDA 


32 


33 


78 


58 


MCI (early progression)'' 






66 


33 


68 


58 


MCI (all)'' 


Mattsson etal. (2012) 




271 


102'' 


85 


55 


Age <64 










85 


44 


Age 65-74 










85 


30 


Age >75 


Parnetti etal. (2012) 


NINCDS-ADRDA 


32 


58 


81 


90 






Buchhave et al. (2012) 


NINCDS-ADRDA 


72 


62" 


88 


90 


AP42/p-tau 










82 


94 


(Ap42/p-tau) -l-T-tau 


Gaser et al. (2013) 


NINCDS-ADRDA 


32 


33 


97 


42 


AP42/p-tau (MCI early prog.)'' 






66 


33 


92 


42 


AP42/p-tau MCI (all)" 


Liu etal. (2013) 


NIA-AA": 


158 


233 


90 


36 


AP42 orT-tau 










57 


70 


AP42 andT-tau 










73 


71 


PredictAD tool* 


Mattsson etal. (2012) 


NINCDS-ADRDA 


271 


102" 


85 


86 


Age <64 (LR9) 










85 


65 


Age 65-74 (LR9) 










85 


61 


Age >75 (L3) 


Monge-Argiles etal. (2013) 


NIA-AA<= 


15 


15 


73 


73 


AP42, T-tau and p-tau-181 


Parnetti etal. (2012) 


NINCDS-ADRDA 


32 


58 


94 


65 


AP42/T-tau 










81 


95 


AP42/p-tau 


Toledo et al. (2013) 


NINCDS-ADRDA 


61 


61 


80 


46 


T-tau/AP42 


Vos etal. (2012) 


NINCDS-ADRDA 


48 


105 


83 


65 


AP42/T-tau 


Vos et al. (2013) 


NINCDS-ADRDA 


130 


216 


98 


38 


Ap42/T-tau (amnestic MCI) 






61 


131 


90 


54 


AP42/T-tau (non-amnestic MCI) 



(Continued) 
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Table 8 | Continued 



CSF biomarker and Study 


AD diagnostic 


Number of 


Number of 


Sensitivity 


Specificity 


Specifications 




criteria 


MCl-C patients 


MCl-S patients 








Westman et al. (2012) 


NINCDS-ADRDA 


81 


81 


76 


54 


OPLS*^ 


Yang et al. (2012) 


NINCDS-ADRDA 


25 


86 


80 


44 


SVMs' 



AD, Alzheimer's disease: MO, mild cognitive impairment; IVICI-C, MCl-converters; MCl-S, MCl-stables. 

"MCS-S pooled together with l\/ICI patients that developed other types of dementia at follow-up, including vascular dementia (n= 14), dementia with Lewy bodies 
(n = 3), frontotemporal lobe degeneration (n = 1), Semantic Dementia (n = 2), and traumatic brain injury dementia (n = 1). 

"MCl-S pooled together with MCI patients that developed other types of dementia at follow-up, including vascular dementia (n = 28), dementia with Lewy bodies 
(n= 14), frontotemporal lobe degeneration (n= 7), and neurological diseases and dementia (n= 10). 

''MCI patients were classified according to the likelihood of AD conversion based on biomarker evidence of AD pathophysiological process (NIA-AA diagnostic criteria: 
Albert etal.. 2011). 

"MCI (early progression): MCI patients that converted to AD within the first 12 months of follow-up. 

'MCI (all): MCI early progression + MCI late progression (MCI patients that converted to AD after the first 12 months of follow-up). 

'PredictAD tool: including demographic data, APOE, MMSE, ADAS-Cog, neuropsychological battery, A^42, T-tau, and several features derived from MRI using FreeSurfer, 

manifold learning, hippocampal volume, and Tensor-Based Morphometry. 

'LR: Logistic regression model including Afiiz/p-tau, and T-tau. 

"OPLS: The model included Ap,2, T-tau and p-tau. 

'SVM: Linear support vector machine, including /^p^, T-tau and p-tau. 



Finally, some authors are trying to improve the diagnostic per- 
formance of the CSF core biomarkers by controlling for different 
factors. For instance, difficulties in predicting MCI progression 
to AD could be influenced by the intrinsic heterogeneity of MCI. 
Recent studies show several aspects that directly affect the pre- 
dictive povirer of the biomarkers, and should thus be taken into 
account when designing future studies and interpreting previous 
results. Vos et al. (2013) found that AD biomarkers might not 
be as sensitive in non-amnestic MCI as in amnestic MCI. Bucli- 
have et al. (2012) found that baseline CSF AP42 levels were equally 
reduced in patients with MCI who converted to AD within 0- 
5 years (early converters) compared with those who converted 
between 5 and 10 years (late converters). However, CSF T-tau 
and p-tau levels were significantly higher in early converters. 
This might potentially affect aspects like biomarkers combina- 
tion or prediction of early/late converters. Buchhave et al. (2012) 
showed that biomarkers combination resulted in a reduction in the 
negative predictive value because many patients with MCI who 
developed AD after 5-10 years had normal T-tau levels at base- 
line. Results reported by Gaser et al. (2013) show that CSF core 
biomarkers had generally better performance for early convert- 
ers (< 12 months) than for late converters (> 12 months). Other 
studies show the influence of factors such as the age in biomark- 
ers performance. Mattsson et al. (2012) found that although the 
diagnostic accuracies for AD decreased with age, the predictive 
values for a combination of biomarkers remained essentially sta- 
ble. FinEiUy, other authors have focused in factors as family history 
of AD. Lampert et al. (2013) showed that when comparing AD 
patients and healthy controls, T-tau/ AP42 showed better sensitiv- 
ity for individuals with family history of AD, but worse specificity 
compared to individuals without family history of AD. 

5. DISCUSSION 

This meta-review includes seven studies identified in the liter- 
ature as systematic reviews with meta-analysis on the topic of 



CSF core biomarkers for AD: Bloudek et al. (2011); Diniz et al. 
(2008); Mitchell (2009); Monge-Argiles et al. (2010); Schmand 
et al. (2010); Sunderland et al. (2003), and Van Harten et al. (201 1). 
Moreover, it must be emphasized that, according to our systematic 
review, no systematic reviews with meta-analysis have been pub- 
lished after reviewed criteria for AD were published (May 201 1). 
Therefore, we also carried out a specific search of primary studies 
published from May 2011 to the date of our search (September 
2013). Twenty-six primary studies served as the focus for this syn- 
thesis. In total, the included systematic reviews with meta-analysis 
comprise 317 references, of which 130 are unique or non-repeated. 
Seventy-two references compare AD vs. healthy controls (AP42: 30, 
T-tau: 50; p-tau: 26) , 78 studies analyze the discrimination between 
AD and other dementias {A^42' Hj T-tau: 60; p-tau: 41), and 23 
articles compare MCI-C vs. MCI-S (AP42: 13, T-tau: 20; p-tau: 
15). The diagnostic ability of CSF biomarkers to differentiate AD 
from healthy controls and other dementias are the two aspects 
that have received more attention in the literature. Regarding the 
specific biomarkers, a total of 39 non-repeated references focused 
on AP42, 103 on T-tau and 60 on p-tau. Noteworthy, AP42 is the 
less frequently studied biomarker, in spite of its core involvement 
in AD, whereas T-tau stands out as the most studied. 

Regarding the diagnostic ability of the different CSF core bio- 
markers, this meta-review confirms that the combination provides 
the highest values of sensitivity and specificity. This is likely due to 
that they reflect two aspects of AD pathology, i.e., plaques (AP42), 
and neurodegeneration (tau). This combination seems to be use- 
ful for distinguishing between AD patients and healthy controls, as 
well as predicting which MCI patients wiU progress to dementia. If 
the situation would require the use of a single biomarker, T-tau has 
the highest values of sensitivity and specificity when comparing 
AD and healthy controls. However, no single biomarker at present 
is appropriate to differentiate MCI-C from MCI-S. Nevertheless, 
the only systematic review with meta-analysis in the literature con- 
cerning prediction of MCI was limited to three original studies 
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(Monge-Argiles et al., 2010). Revision of primary studies pub- 
lished between 20 11 and 2013 helps to clarify this issue. Sensitivity 
values are lower than reported by Monge-Argiles et al. (2010) and 
the specificity is clearly suboptimal. However, considering factors 
such as age, family history of AD and several aspects inherent to 
MCI heterogeneity could help to improve the predictive perfor- 
mance of CSF biomarkers. For instance, CSF core biomarkers are 
more effective in young MCI patients ( <64 years) (Mattsson et al., 
2012) amnestic MCI cases (Vos et al., 2013) and early converters 
(< 12 months) (Gaser et al, 2013). 

On the other hand, CSF core biomarkers seem to fail in dis- 
tinguishing AD from other dementias, both when used as single 
biomarkers or in combination. The reason is that both CSF T-tau 
and AP42 levels are partially overlapped between AD and DLB, 
FTLD, and VaD (Buerger et al., 2007; Hampel et al., 2010; Van 
Harten et al., 2011). The combination of different CSF biomark- 
ers provides the highest sensibility (86%), but is quite unspecific 
(67%) ('-' idek ci al., 201 1). An exception occurs in the case of 
CJD, where T-tau shows optimal performance in discriminating 
CJD from AD (Van Harten et al., 2011). In this meta-review, p-tau 
arose as the CSF biomarker with the best performance for dif- 
ferentiating AD from other dementias, although with sensitivity 
and specificity values around 75 and 80%, respectively (Mitchell, 
2009; Bloiidek et al, 2011; Van Harten et al, 2011). The expla- 
nation for this outperforming may be that p-tau is not a simple 
marker of axonal damage and neuronal degeneration, as T-tau, 
but it is more closely related to AD physiopathology and the for- 
mation of neurofibrillary tangles (Anoop et al., 2010; Holtzman, 
2011). In addition, CSF p-tau concentrations seem to be more 
control-like and less AD-like in DLB, FTLD, and VaD (Van Harten 
et al, 2011). Interestingly, different p-tau isoforms might have 
differential pathophysiological roles in AD (Buerger et al., 2007; 
Engelborghs et al, 2007). There is some evidence indicating that 
P-tau23i may improve the differentiation between AD and FTLD 
(Buerger et al., 2002; Hampel et al., 2004), while p-tauigi may 
improve the differentiation between AD and DLB, and AD and 
VaD (Buerger et al., 2002; Hampel :)04). P-tau396-404, and 

the ratio of p-tau396-404/T-tau has been shown in one study to dif- 
ferentiate AD from VaD (Hu et al, 2002) . However, this promising 
results must been confirmed in future studies. 

The analysis of likelihood ratios provides some valuable hints, 
supporting and complementing sensitivity and specificity figures 
reported in previous literature and discussed above. Briefly, T- 
tau is appropriated to rule-in AD patients when compared to 
healthy controls, DLB and VaD, and is conclusive when compared 
to CJD. Moreover, p-tau shows good capacity to rule-in AD cases 
vs. FTLD, and to rule-out non-AD patients when compared to 
VaD. Combination of CSF biomarkers is the best option to rule- 
out non-AD cases when compared to healthy controls and mixed 
groups of non-AD dementia. It is also the best option to rule-out 
non-MCI-C cases, as well as, to rule-in MCI-C patients. 

Although the combination of CSF biomarkers provides the 
best diagnostic performance, only two systematic reviews with 
meta-analysis analyzed such issue (Monge-Argiles et al, 2010; 
Bloudek et al., 20 1 1 ). Furthermore, together the two meta-analyses 
included only 14 original studies. In this meta-review we also ana- 
lyze 26 further studies published after the new revised diagnostic 



criteria. Several findings deserve special attention. P-tau/AP42 ratio 

possesses higher sensitivity and specificity for differentiating AD 
from healthy controls and from other dementias, as compared to 
T-tau/AP42 ratio (Maddalena et al, 2003; Holtzman, 2011). For 
instance, p-tau/AP42 ratio seems promising in group separation 
between AD and VaD (Jong et al, 2006). The combination of p- 
tau/Af542 could also efficiently predict progression from MCI to 
AD with high efficiency (Hansson et al., 2006; Mattsson et al., 
2009; Buchhave et al, 2012; Parnetti et al., 2012; Roe et al, 2013). 
Interestingly, increased tau/AP42 ratio in normal individuals has 
been associated with an increased risk of conversion from normal 
to MCI/very mild dementia in four recent studies (Fagan et al., 
2007; Li ct al, 2007; Craig-Schapiro ct al., 2010; Roe et al, 2013). 
These and other studies support the utility of the CSF biomarkers 
to predict appearance of clinical symptoms in cognitively normal 
individuals that are at the preclinical phase of AD, or have cognitive 
complaints, or harbor some genetic risk (Skoog et al, 2003; Moo- 
nis et al., 2005; Fagan et al., 2007; Gustafson et al, 2007; Li et aL, 
2007; Stomrud et al., 2007; Ringman et al., 2008; Craig-Schapiro 
et al., 2010; Nettiksimmons et al, 2010; Fortea et al, 2011; Rami 
et al, 201 1; Bateman et al, 2012; Holland et al, 20 1 2; Desikan et al., 
2013; Roe et al, 2013; Van Harten et al, 2013). In addition, the 
combination of AP42 and AP40 might be also useful in AD diag- 
nosis and for the differential diagnosis vs. other dementias (Spies 
et al., 2010). Although several studies have focused on this ratio 
and reported interesting results (Vigo-Pelfrey et al., 1993; Mehta 
et al., 2000; Lewczuk et al, 2003; Wiltfang et al., 2003; Schoonen- 
boom et al., 2005; Bentahir et al., 2006; Kumar- Singh et al, 2006; 
Hansson et al., 2007), this area remains controversial and deserves 
more research. Therefore, since these indexes appear to have the 
highest diagnostic efficiency, and since different combinations are 
possible, future work should pursue in this direction. 

In summary, the diagnostic performance of CSF core biomark- 
ers for AD is generally satisfactory, with sensitivity and specificity 
values above 80%. CSF core biomarkers are optimal for discrim- 
inating AD patients from healthy controls. This perhaps is an 
artificial contrast not representative of realistic clinical compar- 
isons, but may have a useful application in research and clinical 
trials (Petersen and Trojanowski, 2009). The combination of CSF 
core biomarkers could also be suitable to predict which MCI 
patients wiU progress to dementia. Several recent studies support 
the utility of CSF core biomarkers for MCI prognosis (Vos et al., 
~ ; " ' ' ""'3; Galluzzi et al, 2013; PrestM et al., 2013). 
Single CSF core biomarkers provide unsatisfactory specificity val- 
ues (50-81%) (Monge-Argiles et al, 2010). However, prediction 
of MCI-C by CSF biomarkers could be optimized using longer 
observation periods (>6 years) (long et al., 2006; Mattsson et al, 
2009) and controlling several factors as age, MCI subtype and fam- 
ily history of AD. Related to this, is the fact that the predictive value 
and biomarkers' utihty strongly depend on the stage of the disease 
and time to conversion. Buschhave et al. (Buchha\'e et al., 2012) 
showed that AP42 performs better than Tau or structural MRI 5- 
10 years before conversion to AD, but T-tau and p-tau have better 
predictive power 0-5 years before conversion to AD. The high- 
est performance of structural MRI is close to AD conversion. In 
general, predictive power of advanced MRI techniques in conver- 
sion from MCI to AD is greater than of CSF biomarkers (Brys 
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et al, 2009; Vemuri et al, 2009; Landau et al., 2010; Walhovd et al, 
2010; Cui et al, 201 1; Davatzikos et al., 201 1; Schmand et al, 2012; 
Westman et al, 2012; Gaser et al, 2013), although some studies 
also show comparable predictive power (Jack et al, 2010b; Yang 
et al., 2012; Liu et al., 2013; Vos et al., 2013), or even better perfor- 
mance of the CSF biomarkers, especially when MRI biomarkers 
consisted on clinical measures of hippocampal volume (Bouwman 
et al, 2007; Eckerstrom et al., 2010; Vos et al., 2012). Therefore it 
is necessary to move forward in the study of CSF biomarkers and 
different combinations. Studies should not only combine the CSF 
core biomarkers with each other but also with other biomarkers. 
Recent studies show an increase in the diagnostic efficiency of CSF 
core biomarkers when combined with neuroimaging biomarkers 
(Vos et al, 2012; Westman et al, 2012; Choo et al, 2013; Galluzzi 
et aL, 2013; Prestia et al., 2013; Shaffer et al, 2013). 

Several limitations obstruct the spread of CSF core biomarkers 
to the clinical routine (Henry et al., 2013; Sperling and Johnson, 
2013; Zetterberg and Blcnnow, 2013). First, sensitivity and speci- 
ficity of the "ideal" biomarker to detect AD should be at least 
80% (The Ronald and Nancy Reagan Research Institute of the 
Alzheimer's Association '! •. iiational Institute on Aging ^vork- 
ing Group, 1998). Higher levels are not easy to be achieved given 
that analyses are derived from clinically diagnosed AD cases in 
which the diagnostic accuracy already approximates 85% when 
validated by the standard pathologic diagnosis at autopsy (Mendez 
et al, 1992; Victoroff et al, 1995). A recent study showed that the 
use of clinical diagnosis instead of neuropathological diagnosis 
led to a 14-17% underestimation of the CSF biomarker accuracy 
(Toledo et al., 2012). With the new revised criteria the hope is 
to accomplish higher correspondence between clinical diagnosis 
and definitive AD postmortem confirmation. It is also necessary 
to test the CSF core biomarkers in pathologically confirmed AD 
patients. However, only a few studies have addressed this issue 
(Shaw et al., 2009; Brunnstrom et al., 2010; De Jager et al., 2010; 
Irwin et al, 2012; Toledo et al. 2012; Le Bastard ct al, 2013). 
For this reason, we did not include a specific section in the current 
meta-review. Indeed, further original studies are mandatory before 
we can extract definitive conclusions regarding the diagnostic 
performance of CSF core biomarkers when compared to patho- 
logically confirmed AD cases. Finally, since AD is a multifactorial 
neurodegenerative disorder both at clinical and neuropathological 
level, development of biomarkers with 100% efficiency in terms of 
sensitivity and specificity is difficult to achieve. 

A second limitation is the variability between studies in the 
characteristics of the groups included and the diagnostic criteria 
used. This is true at different levels. Regarding healthy controls, in 
some occasions individuals with subjective memory complaints 
and neurological or psychiatric patients have been included as 
controls (Nagga et al., 2002; Buerger et al., 2003; Schoonenboom 
et al, 2004; Mitchell, 2009; Mouton-Liger et al., 2012; Bombois 
). Other studies have mixed healthy controls together 
with MCI-S patients (Diniz et al., 2008). It is even more alarming 
that quite many studies actually do not clearly specify what kind 
of participants are included as healthy controls. As lumbar punc- 
ture is not easily achieved in healthy volunteers, an amalgamate 
of non-demented patients is usually included instead. Regarding 
MCI, AD and other dementias, a relevant aspect is the lack of 



standardization in the clinical criteria used for diagnoses, espe- 
cially for VaD. MCI is a heterogeneous condition (Petersen, 2004), 
having a large percentage of them an underlying diagnosis that 
is not AD (Fagan et al., 2007; Shaw et al., 2009). In AD stud- 
ies, AD-like MCI is necessary to be guaranteed. Recently revised 
diagnostic criteria for MCI (Albert et al., 20 1 1 ) can add great ben- 
efit to this regard. Other aspect that critically affects sensitivity 
and specificity values is the great heterogeneity in foUow-up peri- 
ods among MCI studies (Diniz et al, 2008). Studies with longer 
foUow-up periods normally provide higher diagnostic efficiency 
(Jong et al, 2006; Mattsson et al., 2009). In relation to AD, most 
studies so far have used the NINCDS-ADRDA criteria, although a 
small percentage of studies have applied different criteria instead 
(Schmand et al, 2010). New proposed criteria must still be tested 
(McKhann et al., 2 1 i ) . A critical issue is the possible circularity for 
the study of CSF biomarkers, given that now they are part of the 
diagnostic criteria. Regarding studies analyzing the comparison 
between AD and other dementias, an aspect that also affects the 
results and conclusions is that different forms of non-AD demen- 
tias are usually pooled together (Mitchell, 2009; Bloudek et al., 
2- \ '). Therefore, we highly recommend and encourage that future 
studies clearly specify groups' characteristics, especially in regard 
to the control group, as well as the diagnostic criteria used for 
pathological groups. Also studies should specif)' whether sporadic 
or familial AD cases are included or in what proportion, in case 
they are combined. Likewise, age and sex should be accounted for 
as confounding factors. 

A third limitation is the variabihty in methodological aspects 
of the technique in itself Different organizations as the Interna- 
tional Alzheimer's Association (AA), the Alzheimer's Biomarkers 
Standardization Initiative (ABSI), or The Penn Biomarker Core 
on Alzheimer's Disease Neuroimaging Initiative (ADNI), are car- 
rying out intense efforts to standardize the technical procedures. 
The AA has recently begun a program of quality control (QC) 
on CSF biomarkers for AD. Preliminary conclusions indicate that 
the standardization of laboratory procedures could contribute to 
reduce variability in the results and increase the utility of these bio- 
markers (Hansson et al., 2006; Fagan et al., 2011; Mattsson et al., 
2011). Likewise, the ABSI has done an important contribution 
reviewing potential pre-analytical factors influencing the quan- 
titative outcomes of AD biomarker assays and providing several 
recommendations [see Vanderstichele et al. (2012)]. 

In relation to the absence of a technical standardization is 
the variability in cut-off values to interpret CSF core biomarker 
levels. Differences between studies may reflect differences in labo- 
ratory methods, suggesting an inter-laboratory variation of results 
(Lewczuk et al., 2006). Recently, new methodologies have been 
introduced achieving less intra- and inter-assay variability as com- 
pared to standard methods such as ELISA (Innogenetics, Ghent, 
Belgium) (e.g., xMAP-Luminex) (Olsson et al., 2005). Standard- 
ized procedures are mandatory in order to obtain valid results. 
Due to inter-laboratory variability, at present, optimal cut-off 
values should be based on individual laboratory reference val- 
ues rather than on values obtained from the literature. For this 
reason, proposing universal cut-offs values in this meta-review 
is difficult. Nevertheless, two options might temporarily solve 
this situation meanwhile strict standardizations are done. First, 
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some authors suggest performing a systematic numeric normal- 
ization to account for this variability (Hansson et al, 2006). The 
exact variability this method introduces is unclear and deserves 
further specific review. Second, another potential solution is the 
novel proposal of a normalized index (the AD-CSF-index), which 
was recently validated to discriminate AD vs. controls in different 
European populations (Mohnuevo et al., 2012, 2013). This index 
improves the diagnosis of AD by combining the normalized values 
of AP42 with T-tau or p-tau. It has shown higher sensitivity and 
specificity than the combination of direct values of the different 
CSF core biomarkers and avoids potential false positives associated 
with Afi42 presence in the preclinical stage. 

Finally, a fifth limitation concerns recruitment procedures. 
In high prevalence settings such as memory clinics where the 
prevalence of dementia is 30-50% (Feldman et al, 2003), reason- 
ably high sensitivity and specificity values are expected. However, 
lower diagnostic performance is obtained in primary care, where 
the prevalence of dementia is approximately 15% (Olafsdottir 
et al., 2000). It is therefore necessary to specify patients source, 
as part of groups' characteristics as we stated above. However, this 
information is not always provided in the studies. For instance, 
among the systematic reviews with meta-analysis included in 
this meta-review, only Mitchel (Mitchell, 2009) specified such 
information. 

Cerebrospinal fluid core biomarkers remain quite promising. 
However, limitations discussed above must be urgently overcome. 
These CSF biomarkers tend to gain accuracy when assessed earlier 
in the disease process. We believe that this inherent characteristic 
should be promoted using them for the early diagnosis in pre- 
clinical stages of the disease and prediction from asymptomatic or 
MCI to AD. Studies with longer follow-up intervals in middle-age 
or elderly subjects who are normal at baseline are needed to test 
this potential. Regarding these kind of studies, research in normal 
subjects with increased risk for the development of AD is of great 
interest (Risacher and Saykin, 2013). 

6. CONCLUSION AND PERSPECTIVE 

This meta-review describes the state-of-the-art on CSF core bio- 
markers for AD in the context of new revised diagnostic criteria. 
Likewise, we offer a critical, integrated and systematic overview 
of the so far disperse information about the diagnostic efficiency 
and utility of CSF AP42, T-tau and p-tau, to distinguish AD from 
healthy controls, AD from other dementias, and to predict pro- 
gression from MCI to AD. We have also thoroughly discussed main 
limitations in the field at the time being. A more detailed treatment 
of relevant issues such as performance of CSF core biomarkers in 
pathologically confirmed AD cases, heterogeneity of healthy and 
pathological groups, carelessness of confounding factors such as 
age and sex, and proposal of universal cut-offs values, are however 
far away from the aims of this meta-review. These are still open 
questions in the current literature and deserve much more specific 
revision. 

Cerebrospinal fluid Afi42, T-tau, and p-tau fulfill the criteria 
for diagnostically useful biomarkers in AD, and have been suffi- 
ciently validated in a large number of mono- and multi-center 
studies. They show potential usefulness for clinical practice due 
to their established ability to reduce misclassification rates when 



compared with the sole application of clinical/neuropsychological 
assessment (Mitchell et al., 2010). Moreover, in clinical trials, CSF 
core biomarkers can be useful to enrich the samples with pure 
AD cases, for patient stratification, as safety markers, and to detect 
and monitor the biochemical effects of drugs (Aluise et al, 2008; 
Hampel et al., 2008; Petersen and Trojanowski, 2009; Blennow 
etal.,2010). 

However, despite promising results, CSF core biomarkers are 
not currently suitable for its wide implementation in the clinical 
routine as core elements for diagnostic criteria (Sperling and john- 
son, 2013). Clinical diagnosis is still paramount and biomarkers 
are complimentary (jack et al, 20 11 ). This meta-review shows that 
CSF core biomarkers are optimal for discriminating AD patients 
from healthy controls. The combination of CSF biomarkers could 
be also suitable to predict which MCI patients will progress to 
dementia. However, CSF biomarkers fail at present to distinguish 
AD from other dementias. Recently revised criteria for AD include 
CSF core biomarkers together with neuroimaging biomarkers in 
the diagnostic algorithm (McKhann et al., 201 1). Much additional 
work needs to be done to validate the application of biomark- 
ers as they are proposed in new revised criteria. Nonetheless, CSF 
core biomarkers for AD show high potential value and leave room 
for improvement. In addition, other new candidate CSF biomark- 
ers could potentially serve important functions in diagnostics and 
drug development if successfully validated in future studies (Rosen 
and Zetterberg, 2013). Upcoming investigations should also insist 
on plasma biomarkers, given that its use in the clinical routine 
is presumably easier. A more general use of CSF biomarkers in 
clinical practice will be of great importance. Suitable CSF bio- 
markers may help to diagnose AD at an early stage, which is of 
great importance when effective treatments for AD can be admin- 
istered. Moreover, they may be used to monitor disease progression 
and target the right populations or used as an outcome measure 
for clinical trials. 

ACKNOWLEDGMENTS 

The authors would like to thank the Spanish Working Group of 
the Report of Health Technology Assessment on the diagnos- 
tic accuracy of CSF biomarkers for AD (Evaluation Unit of the 
Canary Islands Health Service, Spanish Agencies and Units of 
Health Technology Assessment; HTA Reports: SESCS No 2012/08) 
for their support and helpful suggestions, as well as to the Fun- 
dacion Canaria Dr Manuel Morales, the Swedish Brain Power and 
the Strategic Research Programme in Neuroscience at Karolin- 
ska Institutet (StratNeuro). The authors also thank Leticia Cuellar 
for her technical assistance with the search strategies and to M" 
Carmen Bujalance for her assistance with the literature retrieval. 

REFERENCES 

Albert, M. S., DeKosky, S. T., Dickson, D., Dubois, B., Feldman, H. H., Fox, N. C, et al. 
(2011). The diagnosis of mild cognitive impairment due to Alzheimer's disease: 
recommendations from the National Institute on Aging- Alzheimer's Association 
workgroups on diagnostic guidelines for Alzheimer's disease. Alzheimer Dement. 
7, 270-279. doi:10.1016/j.jalz.2011.03.008 

Aluise, C, SoweU, R., and Butterfield, D. (2008). Peptides and proteins in plasma 
and cerebrospinal fluid as biomarkers for the prediction, diagnosis, and moni- 
toring of therapeutic efficacy of Alzheimer's disease. Biochim. Biophys. Acta 1 782, 
549-558. doi:10.1016/j.bbadis.2008.07.008 



Frontiers in Aging Neuroscience 



www.frontlersln.org 



IVIarch 2014 | Volume 6 | Article 47 | 17 



Ferreira et al. 



CSF biomarkers in Alzheimer's disease 



Andreasen, N., Vanmechelen, E., Vanderstichele, H., Davidssson, P., Vanmeche- 
len, E., Davidsson, P., etal. (2003). Cerebrospinal fluid levels of total-tau, 
phospho-tau and Ab42 predicts development of Alzheimer's disease in patients 
with mild cognitive impairment. Acta Neurol. Scand. 107(SuppI. 179), 47-51. 
doi:10.1034/j.l600-0404.107.sl79.9.x 

Anoop, A., Singh, R K., Jacob, R. S., and Maji, S. K. (2010). CSF biomark- 
ers for Alzheimer's disease diagnosis. Int. J. Alzheimers Dis. 2010:606802. 
doi:10.4061/2010/606802 

Baldeiras, I., Santana, I., Garrucho, M. H., Pascoal, R., Lemos, R., Santiago, B., et al. 
(20 1 2 ). CSF biomarkers for the early diagnosis of Alzheimer's disease in a routine 
clinical setting - the first Portuguese study. Sinapse 12, 14—22. 

Barber, R. C. (2010). Biomarkers for early detection of Alzheimer disease. /. Am. 
Osteopath. Assoc. 110, S10-S15. 

Bateman, R. J., Xiong, C, Benzinger, T. L., Fagan, A. M., Goate, A., Fox, N. C, et al. 
(2012). Clinical and biomarker changes in dominantly inherited Alzheimer's 
disease. N. Engl J. Med. 367, 795-804. doi:10.1056/NEJMoal202753 

Bentahir, M., Nyabi, O., Verhamme, J., Tolia, A., Horre, K., WUtfang, J., et al. (2006). 
Presenilin clinical mutations can affect ganraia-secretase activity by different 
mechanisms./. Neurochem. 96, 732-742. doi:10.1111/j.l471-4159.2005.03578.x 

Bibl, M., GaUus, M., Welge, V., Essehnann, H., Wolf, S., Riither, E., et al. (2012). Cere- 
brospinal fluid amyloid-P 2-42 is decreased in Alzheimer's, but not in fi-ontotem- 
poral dementia. /. Newro/ Transm. 119,805-813. doi:10.1007/s00702-012-0801-3 

Bjerke, M., Zetterberg, H., Edman, A, Blennow, K., WaUin, A., and Andreasson, 
U. (2011). Cerebrospinal fluid matrix metalloproteinases and tissue inhibitor 
of metalloproteinases in combination with subcortical and cortical biomarkers 
in vascular dementia and Alzheimer's disease. /. Alzheimers Dis. 27, 665-676. 
doi:10.3233/JAD-201 1-110566 

Blennow, K., Hampel, H., Weiner, M., and Zetterberg, H. (2010). Cerebrospinal 
fluid and plasma biomarkers in Alzheimer disease. Nat. Rev. Neurol. 6, 131-144. 
doi: 1 0. 1038/nrneurol.20 10.4 

Bloudek, L. M., Spackman, D. E., Blankenburg, M., and Sullivan, S. D. (20 11 ). Review 
and meta-analysis of biomarkers and diagnostic imaging in Alzheimer's disease. 
/. Alzheimer Dis. 26, 627-645. doi:10.3233/JAD-2011-110458 

Bombois, S., Duhamel, A., Salleron, J., Deramecourt, V., Mackowiak, M. A., Deken, 
v., etal. (2013). A new decision tree combining Abeta 1-42 and p-Tau lev- 
els in Alzheimer's diagnosis. Curr. Alzheimer Res. 10, 357-364. doi:10.2174/ 
1567205011310040002 

Bouwman, F. H., Schoonenboom, S. N., van der Flier, W. M., van Elk, E. J., Kok, 
A., Barkhof, F., et al. (2007). CSF biomarkers and medial temporal lobe atrophy 
predict dementia in mild cognitive impairment. Neurobiol. Aging 28,1 070-1 074. 
doi:10.1016/i.neurobiolaging.2006.05.006 

Braak, H., and Braak, E. (1991). Neuropathological stageing of Alzheimer-related 
changes. Acta Neuropathol. 82, 239-259. doi:10.1007/BF00308809 

Braak, H., and Del Tredici, K. (2011). The pathological process underlying 
Alzheimer's disease in individuals under thirty. Acta Neuropathol. 121, 171-181. 
doi:10.1007/s00401-010-0789-4 

Brookmeyer, R., Johnson, E., Ziegler-Graham, K., and Arrighi, H. M. (2007). Fore- 
casting the global burden of Alzheimer's disease. Alzheimer Dement. 3, 186-191. 
doi:10.1016/j.jalz.2007.04.381 

Brunnstrom, H., Rawshani, N., Zetterberg, H., Blennow, K., Minthon, L., Passant, U., 
et al. (2010). Cerebrospinal fluid biomarker results in relation to neuropatholog- 
ical dementia diagnoses. Alzheimer Dement. 6, 104-109. doi:10.1016/j.jalz.2009. 
12.005 

Brys, M., Glodzik, L., Mosconi, L., Switalski, R., De Santi, S., Pirraglia, E., el al. 
(2009). Magnetic resonance imaging improves cerebrospinal fluid biomarkers 
in the early detection of Alzheimer's disease. /. Alzheimers Dis. 16, 351-362. 
doi:10.3233/JAD-2009-0968 

Buchhave, P., Minthon, L., Zetterberg, H., WaUin, A. K., Blennow, K., and Hansson, 
O. (2012). Cerebrospinal fluid levels of P-amyloid 1-42, but not of tau, are fully 
changed aheady 5 to 10 years before the onset of Alzheimer dementia. Arch. Gen. 
Psychiatry 69, 98-106. doi:10.1001/archgenpsychiatry2011.155 

Buerger, K., Alafuzoff", I., Ewers, M., Pirttila, T., Zinkowski, R., and Hampel, H. 
(2007) . No correlation between CSF tau protein phosphorylated at threonine 181 
with neocortical neurofibrillary pathology in Alzheimer's disease. Brain 130(Pt 
10), e82. doi:10.1093/brain/awml40 

Buerger, K., Ewers, M., Pirttila, X, Zinkowski, R., Alafuzoff, I., Teipel, S. J., et al. 
(2006). CSF phosphorylated tau protein correlates with neocortical neurofibril- 
lary pathology in Alzheimer's disease. Brain 129, 3035-3041. doi:10.1093/brain/ 
awl269 



Buerger, K., Zinkowski, R., Teipel, S. J., Aral, H., Debernardis, J., Kerkman, D., et al. 
(2003). Differentiation of geriatric major depression fi-om Alzheimer's disease 
with CSF tau protein phosphorylated at threonine 231. Am. J. Psychiatry 160, 
376-379. doi:10.1176/appi.ajp.l60.2.376 

Buerger, K., Zinkowski, R., Teipel, S. J., Tapiola, T., Aral, H., Blennow, K., et al. 
(2002). Differential diagnosis of Alzheimer disease with cerebrospinal fluid lev- 
els of tau protein phosphorylated at threonine 231. Arch. Neurol. 59, 1267-1272. 
doi:10.1001/archneur.59.8.1267 

Chetelat, G., Villemagne, V. L., Bourgeat, P., Pike, K. E., Jones, G., Ames, D., et al. 

(2010) . Relationship between atrophy and beta-amyloid deposition in Alzheimer 
disease. Ann. Neurol. 67, 317-324. doi:10.1002/ana.21955 

Choo, I. H., Ni, R., SchoU, M., Wall, A., Almkvist, O., and Nordberg, A. (2013). 
Combination of (18) F-FDG PET and cerebrospinal fluid biomarkers as a better 
predictor of the progression to Alzheimer's disease in mild cognitive impairment 
patients. /. Alzheimer Dis. 33, 929-939. doi:10.3233/JAD-2012- 121489 

Craig-Schapiro, R., Perrin, R. J., Roe, C. M., Xiong, C, Carter, D., Cairns, N. 
J., etal. (2010). YKL-40: a novel prognostic fluid biomarker for preclinical 
Alzheimer's disease. Biol. Psychiatry 68, 903-912. doi:10.1016/j.biopsych.2010. 
08.025 

Csernansky, J. G., Miller, J. P., Mckeel, D., and Morris, J. C. (2002). Relation- 
ships among cerebrospinal fluid biomarkers in dementia of the Alzheimer type. 
Alzheimer Dis. Assoc. Disord. 16, 144-149. doi:10.1097/00002093- 200207000- 
00003 

Cui, Y., Liu, B., Luo, S., Zhen, X., Fan, M., Liu, T., et al. (2011). Identification of 
conversion from mild cognitive impairment to Alzheimer's disease using multi- 
variate predictors. PLoS ONE 6:e21896. doi:10.1371/journal.pone.0021896 

Davatzikos, C, Bhatt, P., Shaw, L. M., Batmanghelich, K. N., and Trojanowski, J. Q. 

(2011) . Prediction of MCI to AD conversion, via MRI, CSF biomarkers, and pat- 
tern classification. Neurobiol. Aging 32, .el9-.e27. doi:10.1016/j.neurobiolaging. 
2010.05.023 

De Jager, C, Honey, T. E., Birks, J., and Wilcock, G. K. (2010). Retrospective 
evaluation of revised criteria for the diagnosis of Alzheimer's disease using 
a cohort with post-mortem diagnosis. Int. J. Geriatr. Psychiatry 25, 988-997. 
doi:10.1002/gps.2448 

de Rino, F., Martinelli-Boneschi, R, Caso, E, Zuffi, M., Zabeo, M., Passerini, G., 
et al. (2012). CSF metabolites in the differential diagnosis of Alzheimer's dis- 
ease from frontal variant of frontotemporal dementia. Neurol. Sri. 33, 973-977. 
doi:10.1007/sl0072-011-0866-z 

Desikan, R. S., McEvoy, L. K., Holland, D., Thompson, W. K., Brewer, J. B., Aisen, R S., 
et al. (2013). Apolipoprotein E epsilon4 does not modulate amyloid-P-associated 
neurodegeneration in preclinical Alzheimer disease. AJNR Am. J. Neuroradiol. 34, 
505-510. doi:10.3174/ajnr.A3267 

Diniz, B. S. O., Pinto Junior, J., and Forlenza, O. V. (2008). Do CSF total tau, 
phosphorylated tau, and beta-amyloid 42 help to predict progression of mild 
cognitive impairment to Alzheimer's disease? A systematic review and meta- 
analysis of the hterature. World J. Biol. Psychiatry 9, 172-182. doi:10.1080/ 
15622970701535502 

Eckerstrom, C, Andreasson, U., Olsson, E., Rolstad, S., Blennow, K., Zetterberg, 
H., et al. (2010). Combination of hippocampal volume and cerebrospinal fluid 
biomarkers improves predictive value in mild cognitive impairment. Dement. 
Geriatr. Cogn. Disord 29,294-300. doi:10.1159/000289814 

Engelborghs, S., Sleegers, K., Cras, P., Brouwers, N., Serneels, S., De Leenheir, E., 
et al. (2007). No association of CSF biomarkers with APOEepsilon4, plaque 
and tangle burden in definite Alzheimer's disease. Brain 130, 2320-2326. 
doi:10.1093/brain/awml36 

Ewers, M., Walsh, C, Trojanowski, J. Q., Shaw, L. M., Petersen, R. C, Jack, C. R. 
Jr., et al. (2012). Prediction of conversion from mild cognitive impairment to 
Alzheimer's disease dementia based upon biomarkers and neuropsychological 
test performance. NeuroWo/.Agmg 33, 1203-1214. doi:10.1016/j.neurobiolaging. 
2010.10.019 

Fagan, A. M., Roe, C. M., Xiong, C, Mintun, M. A., Morris, J. C, and Holtzman, 
D. M. (2007). Cerebrospinal fluid tau/beta-amyloid(42) ratio as a prediction 
of cognitive decline in nondemented older adiflts. Arch. Neurol. 64, 343-349. 
doi:10.1001/archneur.64.3.noc60123 

Fagan, A. M., Shaw, L. M., Xiong, C, Vanderstichele, H., Mintun, M. A., Tro- 
janowski, J. Q., etal. (2011). Comparison of analytical platforms for cere- 
brospinal fluid measures of fi-amyloid 1-42, total tau, and p-taul81 for identi- 
fying Alzheimer disease amyloid plaque pathology. Arch. Neurol. 68, 1 137-1 144. 
doi:10.1001/archneurol.2011.105 



Frontiers in Aging Neuroscience 



www.frontiersin.org 



March 2014 | Volume 6 | Article 47 1 18 



Ferreira et al. 



CSF biomarkers in Alzheimer's disease 



Feldman, H., Levy, A. R., Hsiung, G.-Y., Peters, K. R., Donald, A., Black, S. E., et al. 
(2003). Canadian Cohort Study of Cognitive Impairment and Related Demen- 
tias (ACCORD): study methods and baseline results. Neuroepidemiology 22, 
265-274. doi:10.1159/000071189 

Ferri, C. P., Prince, M., Brayne, C, Brodaty, H., Fratiglioni, L., Hall, K., et al. (2010). 
Global prevalence of dementia: a Delphi consensus study. Lancet 366, 2 1 12-2 117. 
doi:10.1016/S0140-6736(05)67889-0 

Fortea, 1., Llado, A., Bosch, B., Antonell, A., Oliva, R., Molinuevo, J. L., et al (201 1). 
Cerebrospinal fluid biomarkers in Alzheimer's disease families with PSENl 
mutations. Neurodegener. Dis. 8, 202-207. doi:10.1159/000322229 

Fukuyama, R., Mizuno, T., Mori, S., Nakajima, K., Fushiki, S., and Yanagisawa, K. 
(2000). Age-dependent change in the levels of Abeta40 and Abeta42 in cere- 
brospinal fluid from control subjects, and a decrease in the ratio of Abeta42 
to Abeta40 level in cerebrospinal fluid from Alzheimer's disease patients. Eur. 
Neurol 43, 155-160. doi:10.1159/000008157 

Gabelle, A., Dumurgier, J., Vercruysse, O., Paquet, C, Bombois, S., Laplanche, 1.- 
L., et al. (2013). Impact of the 2008-2012 French Alzheimer plan on the use of 
cerebrospinal fluid biomarkers in research memory center: the PLM Study. /. 
Alzheimers Dis. 34, 297-305. doi:10.3233/JAD- 121549 

GaUuzzi, S., Geroldi, C, Amicucci, G., Bocchio-Chiavetto, L., Bonetti, M., Bonvicini, 
C, et al. (2013). Supporting evidence for using biomarkers in the diagnosis of 
MCI due to AD. /. Neurol. 260, 640-650. doi:10.1007/s00415-012-6694-0 

Gaser, C, Franke, K., Kloppel, S., Koutsouleris, N., and Sauer, H. (2013). BrainAGE 
in mild cognitive impaired patients: predicting the conversion to Alzheimer's 
disease. PLoS ONE 8:e67346. doi:10.1371/journal.pone.0067346 

Guo, L. H., Alexopoulos, P., and Perneczky, R. (2013). Heart-type fatty acid binding 
protein and vascular endothelial growth factor: cerebrospinal fluid biomarker 
candidates for Alzheimer's disease. Eur Arch. Psychiatry Clin. Neurosci. 263, 
553-560. doi:10.1007/s00406-013-0405-4 

Gustafson, D. R., Skoog, I., Rosengren, L., Zetterberg, H., and Blennow, K. 

(2007) . Cerebrospinal fluid b-amyloid 1-42 concentration may predict cog- 
nitive decline in older women. /. Neurol. Neurosurg. Psychiatry 78, 461-464. 
doi:10.1136/jnnp.2006.100529 

Hampel, H., Buerger, K., Zinkowski, R., Teipel, S. Goernitz, A., Andreasen, N., 
etal. (2004). Measurement of phosphorylated tau epitopes in the differential 
diagnosis of Alzheimer disease: a comparative cerebrospinal fluid study. Arch. 
Gen. Psychiatry 61, 95-102. doi:10.1001/archpsyc.61.1.95 

Hampel, H., Burger, K., Teipel, S. J., Bokde, A. L. W., Zetterberg, H., and Blennow, K. 

(2008) . Core candidate neurochemical and imaging biomarkers of Alzheimer's 
disease. Alzheimer Dement. 4, 38-48. doi:10.1016/j.jalz.2007.08.006 

Hampel, H., Shen, Y., 'Walsh, D. M., Aisen, R, Shaw, L. M., Zetterberg, H., et al. 
(2010). Biological markers of amyloid beta-related mechanisms in Alzheimer's 
disease. Exp. Neurol. 223, 334-346. doi:10.1016/j.expneurol.2009.09.024 

Hansson, O., Zetterberg, H., Buchhave, P., Andreasson, U., Londos, E., Minthon, L., 
et al. (2007). Prediction of Alzheimer's disease using the CSF Abeta42/Abeta40 
ratio in patients with mild cognitive impairment. Dement. Geriatr. Cogn. Disord. 
23, 3 16-320. doi:10. 1 159/000100926 

Hansson, O., Zetterberg, H., Buchhave, P., Londos, E., Blennow, K., and Minthon, L. 
(2006). Association between CSF biomarkers and incipient Alzheimer's disease 
in patients with mild cognitive impairment: a follow-up study. Lancet Neurol. 5, 
228-234. doi:10.1016/S1474-4422(06)70355-6 

Hebert, L. E., Scherr, R A., Bienias, ). L., Bennett, D. A., and Evans, D. A. (2003). 
Alzheimer disease in the US population prevalence estimates using the 2000 
census. Arch. Neurol. 60, 1119-1122. doi:10.1001/archneur.60.8.1119 

Heister, D., Brewer, J. B., Magda, S., Blennow, K., and McEvoy, L. K. (2011). Predict- 
ing MCI outcome with clinically available MRI and CSF biomarkers. Neurology 
77, 1619-1628. doi:10.1212/WNL.0b013e3182343314 

Henry, M. S., Passmore, A. P., Todd, S., McGuinness, B., Craig, D., and Johnston, 
J. A. (2013). The development of effective biomarkers for Alzheimer's disease: a 
review. Int J. Geriatr. Psychiatry 28, 331-340. doi:10.1002/gps.3829 

Herukka, S.-K., Helisahni, S., Hallikainen, M., Tervo, S., Soininen, H., and Pirt- 
tila, T. (2007). CSF Abeta42, Tau and phosphorylated Tau, APOE epsilon4 allele 
and MCI type in progressive MCI. Neurobiol. Aging 28, 507-514. doi:10.1016/j. 
neurobiolaguig.2006.02.001 

Holland, D., McEvoy, L. K., Desikan, R. S., and Dale, A. M. (2012). Enrichment 
and stratification for predementia Alzheimer disease clinical trials. PLoS ONE 
7:e47739. doi:10.1371/journal.pone.0047739 



Holtzman, D. M. (2011). CSF biomarkers for Alzheimer's disease: current utility 
and potential future use. Neurobiol. Aging 32(Suppl. 1), S4-S9. doi:10.1016/j. 
neurobiolaging.201 1.09.003 

Hu, Y, He, S., Wang, X., Duan, Q., Grundke-Iqbal, I., Iqbal, K., et al. (2002). 
Levels of nonphosphorylated and phosphorylated tau in cerebrospinal fluid 
of Alzheimer's disease patients an ultrasensitive bienzyme-substrate-recyde 
enzyme-linked immunosorbent assay. Am. J. Pathol. 160, 1269-1278. doi:10. 
1016/50002-9440(10)62554-0 

Hulstaert, F., Blennow, K., Ivanoiu, A., Schoonderwaldt, H. C, Riemenschnei- 
der, M., De Deyn, P. P., etal. (1999). Improved discrimination of AD patients 
using beta-amyloid(l-42) and tau levels in CSF. Neurology 52, 1555-1562. 
doi:10.1212/'WNL.52. 8.1555 

Irwin, D. J., McMillan, C. T., Toledo, J. B., Arnold, S. E., Shaw, L. M., 'Wang, L.- 
S., et al. (2012). Comparison of cerebrospinal fluid levels of tau and Ap 1-42 in 
Alzheimer disease and frontotemporal degeneration using 2 analytical platforms. 
Arch. Neurol. 69, 1018-1025. doi:10.1001/archneurol.2012.26 

Jack, C. R. Jr., Knopman, D. S., Jagust, W. J., Petersen, R. C, Weiner, M. W., Aisen, P. 
S., et al. (2013). Tracking pathophysiological processes in Alzheimer's disease: an 
updated hypothetical model of dynamic biomarkers. Lancet Neurol. 12, 207-216. 
doi:10.1016/S1474-4422(12)70291-0 

Jack, C. R. J., Albert, M., Rnopman, D. S., Mckhann, G. M., Sperling, R. A., Carfflo, 
M., et al. (201 1). Introduction to revised criteria for the diagnosis of Alzheimer's 
disease: National Institute on Aging and the Alzheimer Association Work groups. 
Alzheimer Dement 7, 257-262. doi:10.1016/j.jalz.2011.03.004 

Jack, C. R. L, Knopman, D. S., Jagust, W. J., Shaw, L. M., Aisen, P. S., Weiner, W., et al. 
(2010a). Hypothetical model of dynamic biomarkers of the Alzheimer's patho- 
logical cascade. Lancet Newro/. 9, 119-128. doi:10.1016/S1474-4422(09)70299-6 

Jack, C. R. Jr., Wiste, H. J., Vemuri, P., Weigand, S. D., Senjem, M. L., Zeng, G., et al. 
(2010b). Brain beta-amyloid measures and magnetic resonance imaging atrophy 
both predict time-to progression from mild cognitive impairment to Alzheimer's 
disease. Brain 133, 3336-3348. doi:10.1093/brain/awq277 

Jack, C. R. J., Lowe, V. J., Senjem, M. L., Weigand, S. D., Kemp, B. J., Shiung, M. 
M., et al. (2008). 1 IC PiB and structural MRI provide complementary informa- 
tion in imaging of Alzheimer's disease and amnestic mild cognitive impairment. 
Brain 131(Pt 3), 665-680. doi:10.1093/brain/awm336 

Jensen, M., Schroder, J., Blomberg, M., Engvall, B., Pantel, ]., Ida, N., et al. (1999). 
Cerebrospinal fluid Abeta 42 is increased early in sporadic Alzheimer's disease 
and declines with disease progression. Ann. Neurol. 45, 504—511. doi:10.1002/ 
1531- 8249( 199904)45:4< 504::AID- ANA12> 3.0.CO;2- 9 

Jong, D., Jansen, W. M. M., Kremer, B. R H., and 'Verbeek, M. M. (2006). Cere- 
brospinal fluid amyloid b 42/phosphorylated tau ratio discriminates between 
Alzheimer's disease and vascular dementia. /. Gerontol. 61, 755-758. doi:10.1093/ 
gerona/61. 7.755 

Knopman, D. S., Jack, C. R. Jr., Wiste, H. J., Weigand, S. D.,'Vemuri, R, Lowe.'V. J., et al. 
(2013). Selective worsening of brain injury biomarker abnormaUties in cogni- 
tively normal elderly persons with ^-amyloidosis. JAMA Neurol. 70, 1030-1038. 
doi: 10. 100 l/jamaneurol.20 1 3. 182 

Kumar-Singh, S., Theuns, Aj., Van Broeck, B., Pirici, D., Vennekens, K., Corsmit, E., 
et al. (2006). Mean age-of-onset of familial Alzheimer disease caused by prese- 
nilin mutations correlates with both increased Ab42 and decreased Ab40. Hum. 
Mutat. 27, 686-695. doi:10.1002/humu.20336 

Lampert, E. J., Roy Choudhury, K., Hostage, C. A., Petrella, J. R., and Doraiswamy, 
P. M. (2013). Prevalence of Alzheimer's pathologic endophenotypes in asymp- 
tomatic and mildly impaired first-degree relatives. PLoS ONE 8:e60747. doi: 10. 
1371/journal.pone.0060747 

Landau, S. M., Harvey, D., Madison, C. M., Reiman, E. M., Foster, N. L., Aisen, P. S., 
et al. (2010). Comparing predictors of conversion and decline in mUd cognitive 
impairment. Neurology 75, 230-238. doi:10.1212/WNL.0b013e3181e8e8b8 

Le Bastard, N., Coart, E., 'Vanderstichele, H., 'Vanmechelen, E., Martin, J. J., and 
Engelborghs, S. (2013). Comparison of two analytical platforms for the clini- 
cal qualification of Alzheimer's disease biomarkers in pathologically-confirmed 
dementia. /. Alzheimers Dis. 33, 117-131. doi:10.3233/JAD-2012- 121246 

Lewczuk, P., Beck, G., Ganslandt, O., Esselmaim, H., Deisenhammer, R, Regeniter, 
A., et al. (2006). International quality control survey of neurochemical dementia 
diagnostics. Neurosci. Lett 409, 1-4. doi:10.1016/j.neulet.2006.07.009 

Lewczuk, P., Esselmann, H., Meyer, M., WoUscheid, V., Neumann, M., Otto, M., 
et al. (2003). The amyloid-beta (Abeta) peptide pattern in cerebrospinal fluid 



Frontiers in Aging Neuroscience 



www.frontiersin.org 



Marcli 2014 | Voluine 6 | Article 47 | 19 



Ferreira et al. 



CSF biomarkers in Alzheimer's disease 



in Akheimer's disease: evidence of a novel carboxyterminally elongated Abeta 
peptide. Rapid Commun. Mass Spectrom. 17, 1291-1296. doi:10.1002/rcm.l048 
Li, G., Sokal, I., Quinn, J. P., Leverenz, J. B., Brodey, M., Schellenberg, G. D., et al. 
(2007). CSF tau/Abeta42 ratio for increased risk of mild cognitive impairment: 
a follow-up study. Neurology 69, 631-639. doi:10.1212/01.wnl.0000267428. 
62582.aa 

Liberati, A., Altman, D. G., Tetzlaff, J., Mulrow, C., loannidis, J. P. A., Clarke, M., 
et al. (2009). The PRISMA statement for reporting systematic reviews and meta- 
analyses of studies that evaluate health care interventions. Ann. Intern. Med. 151, 
65-94. doi:10.7326/0003-4819- 151-4-200908180-00136 

Liu, Y., Mattila, J., Ruiz, M. AM., Paajanen, T., Koikkalainen, J., Van Gils, M., et al. 
(2013). Predicting AD conversion: comparison between prodromal AD guide- 
lines and computer assisted predict AD tool. PLoS ONE 8:e55246. doi:10.1371/ 
journal.pone. 0055246 

Maddalena, A., Papassotiropoulos, A., Miiller-Tillmanns, B., Jung, H., Hegi, T., 
Nitsch, R., et al. (2003). Biochemical diagnosis of Alzheimer disease by measur- 
ing the cerebrospinal fluid ratio of phosphorylated tau protein to beta-amyloid 
peptide 42. Arch. Neurol. 60, 1202-1206. doi:10.1001/archneur.60.9.1202 

Matsui, Y., Satoh, K., Mutsukura, K., Watanabe, T., Nishida, N., Matsuda, H., et al. 

(2010) . Development of an ultra-rapid diagnostic method based on heart-type 
fatty acid binding protein levels in the CSF of CJD patients. Cell. Mot Neurobiol. 
30, 991-999. doi:10.1007/sl0571-010-9529-5 

Mattsson, N., Andreasson, U., Persson, S., Aral, H., Batish, S. D., Bernardini, S., et al. 

(2011) . The Alzheimer's association external quality control program for cere- 
brospinal fluid biomarkers. Alzheimer Dement. 7, 386-395. doi:10.1016/j.jalz. 
2011.05.2243 

Mattsson, N., Rosen, E., Hansson, O., Andreasen, N., Parnetti, L., Jonsson, M., et al. 

(2012) . Age and diagnostic performance of Alzheimer disease CSF biomarkers. 
Neurology 78,468-476. doi:10.1212/WNL.0b013e3182477eed 

Mattsson, N., Zetterberg, H., Hansson, O., Andreasen, N., Parnetti, L., Jonsson, M., 
et al. (2009). Biomarkers and incipient Alzheimer disease in patients with mild 
cognitive impairment. JAMA 302, 385-393. doi:10.1001/jama.2009.1064 

McKhann, G., Drachman, D., Folstein, M., Katzman, R., Price, D., and Stadlan, E. 
(1984). Clinical diagnosis of Alzheimer's disease: report of the NINCDS-ADRDA 
Work Group under the auspices of department of health and human services task 
force on Alzheimer's disease. Neurology 34, 939-944. doi:10.1212/WNL.34.7.939 

McKhann, G. M., Knopman, D. S., Chertkow, H., Hyman, B. T., Jack, C. R., Kawas, 
C. H., et al. (2011). The diagnosis of dementia due to Alzheimer's disease: rec- 
ommendations from the National Institute on Aging-Alzheimer's Association 
Workgroups on diagnostic guidelines for Alzheimer's disease. Alzheimer Dement. 
7, 263-269. doi:10.1016/j.jalz.2011.03.005 

Mehta, P. D., Pirttila, T., Mehta, S. P., Sersen, E. A., Aisen, P. S., and Wisniewski, H. 
M. (2000). Plasma and cerebrospinal fluid levels of amyloid beta proteins 1-40 
and 1-42 in Alzheimer disease. Arch. Neurol. 57, 100-105. doi:10.1001/archneur. 
57.1.100 

Mendez, M., Mastri, A., Sung, J., and Frey, W. (1992). Clinically diagnosed Alzheimer 
disease: neuropathologic findings in 650 cases. Alzheimer Dis. Assoc. Disord. 6, 
35-43. doi:10.1097/00002093- 199205000-00004 

Mitchell, A. J. (2009). CSF phosphorylated tau in the diagnosis and prognosis of mild 
cognitive impairment and Alzheimer's disease - a meta-analysis of 51 studies. /. 
Neurol. Neurosurg Psychiatry 80, 966-975. doi:10.1136/jnnp.2008.167791 

Mitchell, A. J.,Monge-Argiles, ). A., and Sanchez-Paya, J. (2010). Do CSF biomarkers 
help clinicians predict the progression of mild cognitive impairment to demen- 
tia? Pract Neurol 10, 202-207. doi:10.1136/jnnp.2010.217778 

Moher, D., Liberati, A., Tetzlaff, J., Altman, D., and The PRISMA Group. (2009). 
Preferred reporting items for systematic reviews and meta-analyses. Ann. Intern. 
Med. 151,264-269. doi:10.7326/0003-4819- 151-4-200908180-00135 

Molinuevo, J. L., Gispert, J. D., Dubois, B., Heneka, M., Lleo, A., Engelborghs, S., 
et al. (20 1 3) . The AD-CSF-index discriminates Alzheimer's disease patients from 
healthy controls: a vaUdation study. /. Alzheimers Dis. 36, 67-77. doi:10.3233/ 
JAD- 130203 

Molinuevo, J. L., Gispert, J. D., Pujol, J., Rojas, S., Llado, A., Balasa, M., et al. (2012). 
Una nueva aproximacion en el diagnostico de la enfermedad de Alzheimer con 
biomarcadores: descripcion del AD-CSF-Index. Rev. Neurol. 54, 513-522. 

Monge-Argiles, J. A., Blanco Canto, M. A., Leiva Salinas, C, Flors, L., Muiloz- 
Ruiz, C, Sanchez Paya, J., et al. (2013). A comparison of early diagnostic utility 
of Alzheimer disease biomarkers in brain brain magnetic resonance and cere- 
brospinal fluid. Neurologia. doi:10.1016/j.nrl.2013.06.002 



Monge-Argiles, J. A., Sanchez-Paya, J., Muiioz-Ruiz, C, Pampliega-Perez, A., 
Montoya-Gutierrez, J., and Leiva-Santana, C. (20 10) . Biomarcadores en el hquido 
cefalorraquideo de padentes con deterioro cognitivo leve: metaanalisis de su 
capacidad predictiva para el diagnostico de la enfermedad de Alzheimer. Rev. 
Neurol. 50, 193-200. 

Moonis, M., Swearer, J. M., Dayaw, M. P., St George- Hyslop, P., Rogaeva, E.,Kawarai, 
T., et al. (2005). Familial Alzheimer disease: decreases in CSF Abeta42 levels pre- 
cede cognitive decline. Neurology 65, 323-325. doi:10.1212/01.wnl.0000171397. 

32851.bc 

Mouton-Liger, F, Paquet, C, Dumurgier, J., Lapalus, P., Gray, F., Laplanche, J. 
L., et al. (2012). Increased cerebrospinal fluid levels of double-stranded RNA- 
dependant protein kinase in Alzheimer's disease. Biol. Psychiatry 71, 829-835. 
doi:10.1016/j.biopsych.2011. 11.031 

Munoz-Ruiz, M. A, Hartikainen, P., Hall, A., Mattila, J., Koikkalainen, J., Herukka, S.- 
K., et al. (2013). Disease state fingerprint in fi^ontotemporal degeneration with 
reference to Alzheimer's disease and mild cognitive impairment. /. Alzheimers 
Dis. 35, 727-739. doi:10.3233/JAD- 122260 

Nagga, K., Gottfries, J., Blennow, K., and Marcusson, J. (2002). Cerebrospinal 
fluid phospho-Tau, total Tau and p-Amyloidl^2 in the differentiation between 
Alzheimer's disease and vascular dementia. Dement. Geriatr. Cogn. Disord. 14, 
183-190. doi:10.1159/000066023 

Nettiksimmons, J., Harvey, D., Brewer, J., Carmichael, O., DeCarli, C, Jack, C. R. 
Jr., et al. (2010). Subtypes based on cerebrospinal fluid and magnetic resonance 
imaging markers in normal elderly predict cognitive decline. Neurobiol. Aging 
31, 1419-1428. doi:10.1016/j.neurobiolaging.2010.04.025 

Olafsdottir, M., Skoog, I., and Marcusson, J. (2000). Detection of dementia in pri- 
mary care: the Linkoping Study. Dement Geriatr. Cogn. Disord. 11, 223-229. 
doi:10.1159/000017241 

Olsson, A., Vanderstichele,H., Andreasen, N.,De Meyer, G.,Wallin, A., Holmberg,B., 
et al. (2005). Simultaneous measurement of beta-amyloid(l-42), total tau, and 
phosphorylated tau (ThrlSl) in cerebrospinal fluid by the xMAP technology. 
Clin. Chem. 51, 336-345. doi:10.1373/clinchem.2004.039347 

Oxman, A., Cook, D., and Guyatt, G. (1994). Users' guides to the medical literature. 
VI. How to use an overview. Evidence-based medicine working group. JAMA 
272, 1367-1371. doi:10.1001/jama.l994.03520170077040 

Parnetti, L., Chiasserini, D., Eusebi, P., Giannandrea, D., Bellomo, G., De Carlo, C, 
et al. (2012). Performance of api-40, afil-42, total tau, and phosphorylated tau 
as predictors of dementia in a cohort of patients with mild cognitive impairment. 
7. Alzheimer Dis. 29, 229-238. doi:10.3233/JAD-201 1-1 11349 

Petersen, R. C. (2004). Mild cognitive impairment as a diagnostic entity. /. Intern. 
Med. 256, 183-194. doi:10.1111/j.l365-2796.2004.01388.x 

Petersen, R. C, Doody, R., Kurz, A., Mobs, R. C, Morris, J. C, Rabins, R V., 
et al. (2001). Current concepts in mild cognitive impairment. Arch. Neurol. 58, 
1985-1992. doi:10.1001/archneur.58.12.1985 

Petersen, R. C, Smith, G. E., Waring, S. C, Ivnik, R. J., Tangalos, E. G., and Kokmen, 
E. (1999). Mild cognitive impairment: clinical characterization and outcome. 
Arch. Neurol. 56, 303-308. doi:10.1001/archneur.56.3.303 

Petersen, R. C, and Trojanowski, J. Q. (2009). Use of Alzheimer disease biomark- 
ers: potentially yes for clinical trials but not yet for clinical practice. JAMA 302, 
436-437. doi:10.1001/jama.2009.1073 

Prestia, A., Caroli, A., Van der Flier, W. M., Ossenkoppele, R., Van Berckel, 
B., Barkhof F, et al. (2013). Prediction of dementia in MCI patients based 
on core diagnostic markers for Alzheimer disease. Neurology 80, 1048-1056. 
doi:10.1212/WNL.0b013e3182872830 

Rami, L., Fortea, J., Bosch, B., Sole-PaduUes, C, Llado, A., Iranzo, A., et al. (2011). 
Cerebrospinal fluid biomarkers and memory present distinct associations along 
the continuum from healthy subjects to AD patients. /. Alzheimers Dis. 23, 
319-326. doi:10.3233/JAD- 2010- 101422 

Ringman, J. M., Younkin, S. G., Pratico, D., Seltzer, W, Cole, G. M., Geschwind, D. H., 
et al. (2008) . Biochemical markers in persons with preclinical familial Alzheimer 
disease. Neurology 71, 85-92. doi:10.1212/01.wnl.0000303973.71803.81 

Risacher, S. L., and Saykin, A. J. (2013). Nemoimaging and other biomarkers for 
Alzheimer's disease: the changing landscape of early detection. Annu. Rev. Clin. 
Psychol. 9, 621-648. doi:10.1146/annurev-clinpsy-050212- 185535 

Roe, C. M., Fagan, A. M., Grant, F. A., Hassenstab, J., Moulder, K. L., Maue 
Dreyfus, D., et al. (2013). Amyloid imaging and CSF biomarkers in predict- 
ing cognitive impairment up to 75 years later. Neurology 80, 1784—1791. 
doi: 1 0. 1 2 1 2/ WNL.ObO 13e3182918ca6 



Frontiers in Aging Neuroscience 



www.frontiersin.org 



Marcli 2014 | Volume 6 | Article 47 | 20 



Ferreira et al. 



CSF biomarkers in Alzheimer's disease 



Rosen, C, and Zetterberg, H. (2013). Cerebrospinal fluid biomarkers for patho- 
logical processes in Alzheimer's disease. Curr. Opin. Psychiatry 26, 276-282. 
doi:10.1097/YCO.0b013e32835f6747 

Schmand, B., Eikelenboom, P., and van Gool, W. A. (2012). Alzheimer's disease neu- 
roimaging initiative. Value of diagnostic tests to predict conversion to Alzheimer's 
disease in young and old patients with amnestic mild cognitive impairment. /. 
AkheimersDis. 29, 641-648. doi:10.3233/JAD-2012-111703 

Schmand, B., Huizenga, H. M., and Van Gool, W. A. (2010). Meta-analysis of CSF 
and MRI biomarkers for detecting preclinical Alzheimer's disease. Psychol Med. 
40, 135-145. doi:10.1017/S0033291709991516 

Schoonenboom, N. S., Mulder, C, Van Kamp, G. J., Mehta, S. R, Scheltens, R, 
Blankenstein, M. A., et al. (2005). Amyloid p 38, 40, and 42 species in cere- 
brospinal fluid: more of the same? Ann. Neurol. 58, 139-142. doi:10.1002/ana. 
20508 

Schoonenboom, N. S., Pijnenburg, Y. A., Mulder, C, Rosso, S. M., Van Elk, E. 
J., Van Kamp, G. )., et al. (2004). Amyloid B (1-42) and phosphorylated tau 
in CSF as markers for early-onsetalzheimer disease. Neurology 62, 1580-1584. 
doi:10.1212/01.WNL.0000123249.58898.E0 

Shaffer, J. L., Petrella, J. R., Sheldon, F. C, Choudhury, K. R., Calhoun, V. D., and Cole- 
man, R. E. (2013). Predicting cognitive decline in subjects at risk for Alzheimer 
disease by using combined cerebrospinal fluid, MR imaging, and PET biomark- 
ers. Radiology 266, 583-591. doi:10.1148/radiol.l2120010 

Shaw, L. M., Vanderstichele, H., Knapik-Czajka, M., Clark, C. M., Aisen, P. 
S., Petersen, R. C, et al. (2009). Cerebrospinal fluid biomarker signature in 
Alzheimer's disease neuroimaging initiative subjects. Ann. Neurol. 65, 403—413. 
doi:10.1002/ana.21610 

Skoog, 1., Davidsson, P., Aevarsson, O., Vanderstichele, H., Vanmechelen, E., and 
Blennow, K. (2003). Cerebrospinal fluid beta-amyloid 42 is reduced before the 
onset of sporadic dementia: a population-based study in 85-year-olds. Dement. 
Geriatr. Cogn. Disord. 15, 169-176. doi:10.1159/000068478 

Sperling, R. A., and lohnson, K. (2013). Biomarkers of Alzheimer disease: cur- 
rent and future applications to diagnostic criteria. Continuum 19, 325-338. 
doi:10.1212/01.CON.0000429181.60095.99 

Spies, R E., Slats, D., Sjogren, 1. M., Kremer, B. R, Verhey E R., Rikkert, M. G., 
et al. (2010). The cerebrospinal fluid amyloid 42/40 ratio in the differentiation 
of Alzheimer's disease from non-Alzheimer's dementia. Curr. Alzheimer Res. 7, 
470-476. doi: 10.2 1 74/ 1 567205 10791383796 

Stomrud, E., Hansson, O., Blennow, K., Minthon, L., and Londos, E. (2007). 
Cerebrospinal fluid biomarkers predict decline in subjective cognitive function 
over 3 years in healthy controls. Dement. Geriatr. Cogn. Disord. 24, 118-124. 
doi:10.1159/000105017 

Sunderland, T, Putnam, K. T, Friedman, D. L., Kimmel, L. H., Bergeson, J., Manetti, 
G. J., et al. (2003). Tau levels in cerebrospinal fluid of patients with Alzheimer 
disease. JAMA 289, 2094-2103. doi:10.1001/jama.289.16.2094 

Thai, D. R., Riib, U., Orantes, M., and Braak, H. (2002). Phases of A beta-deposition 
in the human brain and its relevance for the development of AD. Neurology 58, 
1791-1800. doi:10.1212/WNL.58.12.1791 

The Ronald and Nancy Reagan Research Institute of the Alzheimer's Association and 
the national Institute on Aging working Group. (1998). Consensus report of the 
working group on: "molecular and biochemical markers of Alzheimer's disease". 
The Ronald and Nancy Reagan Research Institute of the Alzheimer's Associa- 
tion and the National Institute on Aging Working Group. Neurobiol. Aging 19, 
109-116. 

Toledo, J. B., Brettschneider, J., Grossman, M., Arnold, S. E., Hu, W. X, Xie, S. X., et al. 
(2012). CSF biomarkers cutoffs: the importance of coincident neuropathological 
diseases. Acta Neuropathol. 124, 23-35. doi:10.1007/s00401-012-0983-7 

Toledo, J. B., Korff, A., Shaw, L. M., Trojanowski, J. Q., and Zhang, J. (2013). CSF 
a-synudein improves diagnostic and prognostic performance of CSF tau and 
Ap in Alzheimer's disease. Acta Neuropathol. 126, 683-697. doi:10.1007/s00401- 
013-1148-z 

Van Harten, A. C, Kester, M. I., Visser, P.-J., Blankenstein, M. A., Pijnenburg, Y. A. L., 
Van der Fher, W.M.,etal.(2011). Tau and p-tau as CSF biomarkers in dementia: a 
meta-analysis. Clin. Chem. Lab. Med. 49, 353-366. doi:10.1515/CCLM.2011.086 



Van Harten, A. C, Smits, L. L., Teunissen, C. E., Visser, P. J., Koene, T., Blankenstein, 
M. A., et al. (2013). Preclinical AD predicts decline in memory and executive 
functions in subjective complaints. Neurology 81, 1409-1416. doi:10.1212/WNL. 
0b013e3182a8418b 

Vanderstichele, H., Bibl, M., Engelborghs, S., Le Bastard, N., Lewczuk, P., Molinuevo, 
J. L., et al. (2012). Standardization of preanalytical aspects of cerebrospinal fluid 
biomarker testing for Alzheimer's disease diagnosis: a consensus paper from the 
Alzheimer's biomarkers standardization initiative. Alzheimer Dement. 8, 65-73. 
doi: 10. 1 0 1 6/j.jalz.20 1 1 .07.004 

Vemuri, P., Wiste, H. Weigand, S. D., Knopman, D. S., Trojanowski, J. Q., Shaw, 
L. M., et al. (2010). Serial MRI and CSF biomarkers in normal aging, MCI, and 
AD. Neurology 75, 143-151. doi:10.1212/WNL.0b013e3181e7ca82 

Vemuri, P., Wiste, H. )., Weigand, S. D., Shaw, L. M., Trojanowski, J. Q., Weiner, M. 
W, et al. (2009). MRI and CSF biomarkers in normal, MCI, and AD subjects: 
predicting future clinical change. Neurology 73, 294-301. doi:10.1212/WNL. 
Ob013e3181af79fl3 

Victoroff, ]., Mack, W, Lyness, S., and Chui, H. (1995). Multicenter clinicopatholog- 
ical correlation in dementia. Am. J. Psychiatry 152, 1476-1484. 

Vigo-Pelfrey, C, Lee, D., Keim, P., Lieberburg, I., and Schenk, D. B. (1993). Character- 
ization of beta-amyloid peptide from human cerebrospinal fluid. /. Neurochem. 
61, 1965-1968. doi:10.1111/j.l471-4159.1993.tb09841.x 

Vos, S., Van Rossum, I., Burns, L., Knol, D., Scheltens, P., Soininen, H., et al. (2012). 
Test sequence of CSF and MRI biomarkers for prediction of AD in subjects with 
MCI.Ne«robio/.A^m^33,2272-2281.doi:10.1016/j.neurobiolaging.2011.12.017 

Vos, S. J. B., Van Rossum, I. A., Verhey, E, Knol, D. L., Soininen, H., Wahlund, L.-O., 
et al. (2013). Prediction of Alzheimer disease in subjects with amnestic and non- 
amnestic MCI. ]Veuro%y 80, 1124-1132. doi:10.1212/WNL.0b013e318288690c 

Walhovd, K. B., Fjell, A. M., Brewer, )., McEvoy, L. K., Fennema-Notestine, C, Hagler, 
D. 1. Ir., et al. (2010). Combining MR imaging, positron-emission tomography, 
and CSF biomarkers in the diagnosis and prognosis of Alzheimer disease. AJNR 
Am. J. Neuroradiol. 31, 347-354. doi:10.3174/ajnr.A1809 

Westman, E., Muehlboeck, l.-S., and Simmons, A. (2012). Combining MRI and 
CSF measures for classification of Alzheimer's disease and prediction of 
mild cognitive impairment conversion. Neuroimage 62, 229-238. doi:10.1016/j. 
neuroimage. 20 12.04.056 

Wiltfang, Esselmann, H., Smirnov, A., Bibl, M., Cepek, L., Steinacker, P., et al. 
(2003) . Beta-amyloid peptides in cerebrospinal fluid of patients with Creutzfeldt- 
Jakob disease. Ann. Neurol. 54, 263-267. doi:10.1002/ana.l0661 

Yang, X, Tan, M. Z., and Qiu, A. (2012). CSF and brain structural imaging mark- 
ers of the Alzheimer's pathological cascade. PLoS ONE 7:e47406. doi:10.1371/ 
journal.pone.0047406 

Zetterberg, H., and Blennow, K. (2013). Cerebrospinal fluid biomarkers for 
Alzheimer's disease: more to come? /. Alzheimer Dis. 33, S361-S369. doi:10.3233/ 
JAD-2012- 129035 

Conflict of Interest Statement: The authors declare that the research was conducted 
in the absence of any commercial or financial relationships that could be construed 
as a potential confUct of interest. 

Received: 12 December 2013; paper pending published: 16 February 2014; accepted: 02 

March 2014; published online: 24 March 2014. 

Citation: Ferreira D, Perestelo-Perez L, Westman E, Wahlund L-O, Sarria A and 
Serrano-Aguilar P (2014) Meta-review of CSF core biomarkers in Alzheimer's disease: 
the state-of-the-art after the new revised diagnostic criteria. Front. Aging Neurosci. 
6:47. doi: 10.3389/fnagi.2014.00047 

This article was submitted to the journal Frontiers in Aging Neuroscience. 
Copyright © 2014 Ferreira, Perestelo-Perez, Westman, Wahlund, Sarria and Serrano- 
Aguilar. This is an open-access article distributed under the terms of the Creative 
Commons Attribution License (CC BY). The use, distribution or reproduction in other 
forums is permitted, provided the original author(s) or licensor are credited and that 
the original publication in this journal is cited, in accordance with accepted academic 
practice. No use, distribution or reproduction is permitted which does not comply with 
these terms. 



Frontiers in Aging Neuroscience 



www.frontiersin.org 



March 2014 | Volume 6 | Article 47 | 21 



Ferreira et al 



CSF biomarkers in Alzheimer's disease 



APPENDIX 



Table A2 | Search strategy for EMBASE (Elsevier) database. 



Table A1 | Search strategy for MEDLINE (OVID) database. 



1 
2 

3 
4 

5 

6 

7 

8 

9 

10 

11 

12 

13 

14 

15 

16 

17 

18 

19 



'Alzheimer disease/cf, di (cerebrospinal fluid, diagnosis) 
'Cognition disorders/of, di, ge, ps (cerebrospinal fluid, 
diagnosis, genetics, pathology) 
1 or 2 

•Amyloid-beta-peptides/cf, du (cerebrospinal fluid, 
diagnostic use) 

'Biological Markers/an, cf (analysis, cerebrospinal fluid) 

*tau Proteins/cf (cerebrospinal fluid) 

Phosphorylated tau.mp 

Total-tau.mp 

T-tau.mp 

p-tau.mp 

A beta-42.mp 

'Cerebrospinal Fluid/an, di (analysis, diagnosis) 

Cerebrospinal Fluid. mp. 

CSF bioMarker.mp. 

csf.nnp. 

Or/4-15 

3 and 16 

Limit 17 to "diagnosis (best balance of sensitivity and 

specificity)" 

Limit 18 to humans 



1 'alzheimer disease'/mj 

2 'cognitive defect'/mj 

3 1 OR 2 

4 'amyloid-beta protein'/mj 

5 'biological marker'/mj 

6 'tau protein'/mj 

7 'phosphorylated tau':ab,ti 

8 'total-tau':ab,ti 

9 't-tau':ab,ti 

10 'p-tau':ab,ti 

11 'a beta-42':ab,ti 

12 'cerebrospinal fluid'/mj 

13 'cerebrospinal fluid':ab,ti 

14 'csf biomarker':ab,ti 

15 csf:ab,ti 

16 4 OR 5 OR 6 OR 7 OR 8 OR 9 OR 10 OR 11 OR 12 OR 13 
OR 140R 15 

17 3 AND 16 

18 'sensitivity and specif icity'/exp 

19 sensitivity:ab,ti 

20 specificity:ab,ti 

21 (('pre test' OR pretest) NEAR/8 probability):ab,ti 

22 'post-test probability':ab,ti 

23 'predictive value?':ab,ti 

24 'likelihood ratio?':ab,ti 

25 'diagnostic accuracy'/mj 

26 18 OR 19 OR 20 OR 21 OR 22 OR 23 OR 24 OR 25 

27 17 AND 29 
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Table A3 | Strategies followed to reduce the risk of bias. 



1 Strict inclusion criteria for reviews 

Only systematic reviews wliere included, which attempts to collate all empirical evidence that fits pre-specified eligibility criteria. Systematic 
reviews use explicit and systematic methods that are selected to minimize bias 

2 Manual query of relevant studies in systematic reviews 

Possible publication and reviewer selection bias in included systematic reviews was assessed and minimized by supplementing literature review 
with manual query of relevant studies within systematic reviews' citations 

3 Systematic review of primary studies 

Evidence was rigorously reviewed in order to minimize both publication and reviewer selection bias 

4 Examination of missing results or data 

Both systematic reviews and primary studies were carefully examined for clues suggesting that there may be missing results or data. 




5 Assessments were completed independently by more than one reviewer 

Two reviewers (DF, LP) independently sought for detailed data in all identified studies. Peer review was done independently and in case of doubt 
and/or disagreements a third reviewer (PS) was consulted 




>OLOGIC/y 



6 Oxman's scale 

Methodological quality of included systematic reviews with meta-analyses was critically appraised with the Oxman's scale. Assessment was 
performed in a blind manner by two reviewers (DF y LP), independently, and in case of doubt and/or disagreements, a third reviewer (PS) was 
consulted 

7 PRISMA statement for reporting systematic reviews with meta-analyses 

Reporting transparence of the different systematic reviews was assessed with PRISMA checklist. Assessment was performed in a blind manner 
by two reviewers (DF y LP), independently, and in case of doubt and/or disagreements, a third reviewer (PS) was consulted 

DF: Daniel Ferreira: LP: Liiisbeth Peresteio-Perez; PS: Pedro Serrano-Aguilar. 



Table A4 | Methodological quality of selected systematic reviews with meta-analyses according to Oxman's Scale. 



Study 


Total 


Clinical 


Criteria 


Relevant studies 


Validity (/2) 


Combination of 




score (/10) 


question (/2) 


selection (/2) 


covered (/2) 




results (/2) 


Bloudeketal. (2011) 


8 


2 


2 


2 


0 


2 


Diniz etal. (2008) 


8 


2 


2 


2 


1 


1 


Mitchell (2009) 


8 


2 


1 


2 


2 


1 


Monge-Argiles et al. (2010) 


7 


2 


2 


1 


1 


1 


Schmand etal. (2010) 


7 


2 


2 


1 


0 


2 


Sunderland etal. (2003) 


8 


2 


2 


2 


1 


1 


Van Harten etal. (2011) 


7 


2 


2 


2 


0 


1 
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Table A5 | PRISMA checklist of items for reporting systematic reviews with meta-analyses. 



o 

3 



■o 

O 



Study p < - S K 



Items 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 



Bloudek et al. (2011) 




■/ 








■/ 










■/ 


■/ 






















Diniz et al. (2008) 




■/ 




■/ 


■/ 


■/ 


■/ 


























■/ 






Mitchell (2009) 


■/ 


■/ 






■/ 


■/ 




















■/ 










■/ 




Monge-Argiles et al. 














































(2010) 














































Schmand et al. (2010) 














































Sunderland et al. (2003) 














































Van Harten etal. (2011) 










■/ 


■/ 


■/ 










■/ 














■/ 









^ - PRISMA item fulfilled: 

'objectives are explicitly stated but PICOS are not specified (PICOS, participants, interventions, comparisons, outcomes, and study design); PRISMA Items: (1) Title; 
(2) Structured summary; (3) Rationale: (4) Objectives; (5) Protocol and registration; (6> Eligibility criteria; (7) Information sources: (8) Search; (9) Study selection; (10) 

Data collection process; (IT) Data items; (12) Risk of bias in individual studies; (13) Summary measures; (14) Synttiesis of results; (15) Risk of bias across studies; (16) 
Additional analyses; (17) Study selection; (18) Study ctiaracteristics; (19) Risk of bias within studies; (20) Results of individual studies; (21) Synthesis of results; (22) 
Risk of bias across studies; (23) Additional analysis; (24) Summary of evidence; (25) Limitations; (26) Conclusions; (27) Funding. 
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